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ABSTRACT
In an earth dam, stored water will always try to escape by creating and developing 
channels of its own, using water load and flow through any available weak point; 
picking up whatever soil particles it can, resulting in its failure and catastrophe. To 
overcome this natural phenomenon, a core (base) of low perm eability is located within 
the dam together with a downstream filter to capture any eroded particles from the core. 
This study investigates the geo-hydraulic parameters that affect soil filtration at the 
interface of core and filters of granular materials through an analytical model, which 
can predict the effective filter thickness necessary to arrest dam failures.
Laboratory experiments and their dimensional analysis were conducted to arrive at a 
relationship between the effective filter thickness and the geo-hydraulic parameters. The 
parameters considered in this study were:





• particle size distributions of base and filter.
The effects of these parameters were evaluated and the results presented.
The main findings of the theoretical study were the developm ent of -
• the critical hydraulic gradient and
• the effective filter thickness of the granular filters.
The objectives of the experimental study were -
• to vary the in-situ density of gravel filters through different periods of 
compaction,
• to conduct tests on different filter lengths at constant hydraulic gradients 
in order to determine the effective filter lengths which successfully arrest 
the infiltrated base particles and
• to conduct tests by increasing the hydraulic gradient, to the point where 
dislodged particles prevent the formation of a self-filtration zone, thereby 
causing erosion of all base material.
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In geotechnical engineering, granular filters are used to protect soils from 
erosion due to seepage; viz., in embankment dams, road pavements, behind 
retaining walls, for coastal protection and in landfills (Locke, 2001). A granular 
filter is typically a well graded sand or sandy gravel, and this study deals with 
the behaviour of granular filters within an embankment dam. An embankment 
dam usually consists of an earth-fill or earth and rock-fill or rock-fill with the 
provision of appropriate filter and drain system to control seepage through the 
embankment. In addition, grouting, drainage and cut-off construction are 
provided to control seepage through the foundation. As leakage and piping 
through the dam embankment and foundations are the primary causes of dam 
failures, the above mentioned mitigatory measures are essential to prevent any 
damage and loss of life which could result due to the failure of the dam.
Filters are provided in a dam to entrap base soil particles that erode and at the 
same time prevent the development of any high hydraulic gradients at the base 
or filter interfaces. For these purposes, filters should have sufficiently small void 
sizes to prevent erosion from the base and a higher permeability. A study of the 
main geo-hydraulic parameters which affect soil filtration can be used to explain 
and predict the effective filter thickness. The flow rate and hydraulic gradients 
are the main hydraulic parameters that affect soil filtration. The porosity, 
permeability and particle size distribution of the filter as well as the base are the 
other main parameters which affect particle migration.
Use of geotextiles is another area that has been extensively used as drainage and 
filter materials in geotechnical and geo-environmental works in the past 30 years 
(Palmeira and Gardoni, 2002). Geotextiles are cheaper to install than granular 
filters, and they are constructed to careful requirements, so that the uncertainties 
due to variations in the properties of natural materials are removed. Some 




later these dams are still performing well (Faure et al. 1996). However, the long­
term performance may be unsatisfactory as a geotextile may tear due to 
differential settlement or earthquake induced motion within the structure (Locke, 
2001) .
Traditionally, the design of granular filters is empirically based, considering the 
retention requirement and the permeability requirement, providing simple 
empirical relations for stable base soil-filter combinations as outlined in 
Chapter 2. These empirical guidelines, achieved through extensive laboratory 
studies, are expressed in terms of the ratio of the sizes of the base and filter soil 
particles. Though they do not provide an understanding of the mechanistic 
behaviour within a base soil-filter system or the time-dependent properties of the 
filtration process, they may be indirectly embodied in these empirical criteria. If 
these time-dependant properties -  viz. flow rates, permeability, porosity and 
base soil erosion rates are numerically quantified [Honjo and Veneziano (1989), 
Aberg (1993), Adel et al. (1994), Indraratna and Vafai (1997), Indraratna and 
Locke (2000)], they will be very useful in dam filter designs as the designer can 
look at long-term effects and adhere to necessary safety measures as appropriate 
during the design phase.
Deep-bed filtration of liquids is a process widely used in the industry. One 
objective is to clarify the liquid as in the filtration of beer, or sugar solutions, 
another objective is to recover solids suspended in liquids such as filtration of 
drinking water, wastewater and sludges arising from water or sewage treatment 
or ores in mineral processing. Deep beds are of loose granular media, such as 
sand and the design of deep-bed filters generally considers hydrodynamic laws, 
particle size of filter media and the particle suspended in the liquid; their 
interaction with each other and with the filter media (Ives, 1975).
Deep-bed filtration describes accumulation of particles as a time-dependant 
process by clogging of pores due to reduction in permeability or reduction in 
porosity. In general, the particle capture mechanisms are categorised as:
1. Empirical -  treat particle treatment in porous media using a rate law 




2. Trajectory -  track individual particles using stream line functions and 
force balancing;
3. Stochastic -  define particle deposition as a birth-death process; and
4. Network methods -  define particle movement through regular or a 
random network of pores (Reddi et al. 2000).
The basics of these porous medium models can be included in time-dependent 
models of granular filters, which only consider geometric constraints to particle 
movement.
Internal erosion and piping through inadequate granular filters or without filters 
was the cause of 47% (54% after 1950) of embankment dam failures up to 1986. 
Of these, 65% occurred in the embankment, 30% in the foundation and 5% from 
the dam into the foundation (Foster et al. 1998). Until early 1990, many 
Australian dam owners and engineers have largely ignored piping when 
assessing the safety of their existing dams (Fell, 2000). Fell et al. (1992) and 
Fell (2000) documented the ‘state of art’ in dam filter design, some lessons 
learnt and new developments.
Therefore, dam design techniques and knowledge of the behaviour of granular 
filters need improvement to arrest these failures. Present empirical design 
criteria used in dam filter design are primarily based on filter to base particle 
size ratios as described in Chapter 2. They lack the ability to define or quantify 
the effect of time dependent processes such as change in flow rate, permeability 
or porosity. Also, the effect on the filter due to hydraulic gradient, its thickness, 
pore sizes and base particle deposition are overlooked in present filter design 
practice. As such, this study presents an examination on geo-hydraulic 
parameters; viz. hydraulic gradient, filter thickness and base/filter particle sizes 
and pore sizes through analytical modelling and laboratory simulations. Two 
new theoretical models will be developed for granular base/filter systems for 
hydraulic gradient and effective filter thickness. Laboratory results will be 




1.2 OBJECTIVE AND ACHIEVEMENT OF THE OBJECTIVE
1.2.1 Objective
Filtration process can be defined as a particle detachment and capture process. 
This process is affected by geo-hydraulic parameters; viz. flow rate, seepage 
velocity, hydraulic gradient, base and filter particle sizes, filter thickness and 
pore sizes. These geo-hydraulic parameters are often overlooked in empirical 
criteria of filter design presently in practice. Hence, the objective of this study 
was to determine a relationship between the hydraulic gradient, in-situ density 
(related to porosity, pore size and particle size of base/filter) and filter thickness, 
through analytical modelling and laboratory simulation.
1.2.2 Achievement of the objective
The objective of this study was achieved by developing theoretical models and 
conducting appropriate laboratory tests to verify and establish their acceptability 
for the determination of the required relationship criteria. This was done in two 
steps as described below.
Step 1 - Development of two new theoretical models for:
a. Critical hydraulic gradient and
b. Effective filter thickness of granular base/filter system.
For this purpose a theoretical study was conducted and relationships 
were obtained for the critical hydraulic gradient, effective filter 
thickness and particle sizes of base and filter materials.
Step 2 - Simulation and verification of model predictions through laboratory 
tests and their analysis:
a. Experiments were conducted to simulate the interaction region of 
base and filter interface to observe the movement of base 
particles into the filter voids. Tests were earned out allowing the 
formation of a self-filtration layer to verify the theoretical model 
developed for the effective filter thickness. This test series was 




b. To verify the theoretical development of the critical hydraulic 
gradient, another series of tests was conducted by increasing the 
hydraulic gradient in stages, to dislodge particle formation of 
self-filtration zone and thereby erode all base material.
c. Dimensional analysis was conducted to determine the 
relationship of parameters described above, to obtain an 
empirical solution to assist in finding the effective filter thickness 
in granular filters for embankment dams, in addition to the 
theoretical formulations.
1.3 THESIS STRUCTURE
The structure of this thesis consists of:
• a literature review;
• formulation of theoretical relationships;
• experimental study and discussion of results; and
• conclusions and recommendations.
Chapter 2 presents the literature review of significant developments in dam 
filter design. The parameters considered and their effect on effective filter 
design and laboratory testing procedures are also highlighted in this chapter.
Chapter 3 provides the theoretical study carried out to model the critical 
hydraulic gradient, effective filter thickness and particle sizes of base/filter 
materials. In addition, it includes the dimensional analysis carried out to 
formulate an empirical relationship between the above parameters.
Chapter 4 presents the experimental study, experimental set up and equipment 
used and empirical formulations obtained from dimensional analysis. The 
comparison of results obtained and their discussions are also included in this 
chapter.
Chapter 5 summarizes major findings and their limitations and 





2. L ITER A TU R E R EV IEW
2.1 IN TRO D U C TIO N
The primary function of a dam is to store water in a reservoir for productive use 
as and when required. The main uses are flood-protection, diversion of water to 
needy areas, water supply, irrigation and generation of hydropower. Dams can 
be classified as embankment dams and rigid dams. Embankment dams contain 
earth-fill, rock-fill or earth and rock-fill zones, and rigid dams are made of 
concrete and masonry. Each dam is designed according to the utility demand, 
topography, the soil conditions of the selected site and the availability of 
construction material, adopting the safest and most economical design.
2.1.1 E m bankm ent dam s
Embankment dams are usually classified as Homogeneous or Zoned depending 
on the material used and how it is used. Generally these dams are constructed 
with two types of material and in two zones -  one to provide stability to the dam 
by being pervious and dissipating the pore pressures built up due to high 
hydraulic gradients, the other to reduce seepage through the dam to economic 
proportions by being impervious. These zones are used only when two types of 
materials are available in required volumes in close proximity to the dam site.
2.1.1.1 Homogeneous embankments: This type consists of a uniform 
material, either earth or rock-fill of the required grade throughout. 
Usually no filters are provided but drainage is provided at the toe.
2.1.1.2 Zoned embankments: Generally consist of an inner impervious zone 
supported by two or more outer zones of relatively pervious materials. 
Zoned embankments may have three or more zones, with supporting 




towards the outer slope. No special filters are provided. One zone acts 
as a filter to another in the flow direction.
In embankment dams, failures mainly occur due to over-topping or piping and 
leakage. These failures occur due to inadequacy in construction techniques, 
quality of material selected, differential settlements, inadequacies in the design 
itself or through natural disasters such as floods and earthquakes for which the 
dam was not designed. The stability of embankment dams primarily depends on 
the pore pressures. As such, filters must be provided as a control measure to 
overcome pore pressures within tolerable limits in an earth dam. This chapter 
discusses the major developments in filter design criteria in the past and gives an 
outline of the functions of a filter, influential factors in filtration and filter design 
methods.
2.2 BASIC REQUIREMENTS FOR FILTERS
The basic seepage problem that leads to failure of an embankment dam is 
piping, which occurs when water picks up soil particles transporting them 
through the dam or foundation by the formation of a seepage channel. Excessive 
hydraulic gradients or pore pressures can reduce effective shears causing piping. 
Thus, the filters have become an essential part of the life of an embankment dam 
to provide a pertinent pore pressure dissipation medium. The failure of the filter 
can lead to the failure of the dam itself, resulting in catastrophe.
The main functions of a filter are:
• be fine enough to arrest particles from the material intended to be 
protected;
• medium for dissipating excess pore water pressures;
• be coarse enough to relieve seepage pressures by allowing seepage flow 
to pass through the filter; and
• be non-cohesive (granular) to limit formation of cavities or cracks 
within the filter.
7
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These basic requirements could be met by designing the pore size of the filter 
in relation to the particle size of the material to be protected. The early 
extensive research carried out by Bertram (1940), the U. S. Army Corps of 
Engineers (USACE, 1941) and the U.S. Bureau of Reclamation (USBR, 1955) 
have established this important concept in relation to the design of granular 
filters. Figure 2.1 shows the graphical representation of the concept of 
retaining base soil particles within a filter.
Filter
Larger base soil 






Figure 2.1. Retention of base soil particles within a filter
2.2.1 Filter locations in embankment dams
In any earth dam, water will pass through the least resistant path. It is essential 
that seepage discharge surfaces, both internal and external, be covered with 
filters to overcome the susceptibility to piping and erosion. Most earth dams are 
built in zoned combinations of materials with different coefficients of 
permeability to permit the water to escape freely while holding soil particles 
firmly. Accordingly, filters are located in appropriate places based on the 
material used and the dam-construction techniques adopted. The main locations 
mostly used are:
1. F il te r  b e tw e e n  r ip ra p  a n d  u p s trea m  f i l l :  Riprap generally consists of dense, 
strong and durable large boulders of rock-fill to prevent erosion due to wave
8
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action. A filter is sometimes located at the interface of riprap and upstream 
fill, to prevent erosion due to wave action. It also assists in rapid drawdown 
or reservoir impounding conditions, where particles from the upstream fill 
can be washed out into the reservoir.
2. Upstream filter: This filter is located at the interface of upstream fill and the 
core. It prevents piping and erosion of core material into the upstream fill 
during rapid drawdown or impounding conditions.
3. Critical downstream filter: This filter is located at the interface of the core 
and downstream fill. It is termed ‘critical’ as it is located in a position where 
excessive seepage forces are involved. The main function of this filter is to 
prevent internal erosion of the core due to seepage flow. This filter reduces 
the possibility of slope failures downstream by preventing excess water 
pressures developing in the downstream fill.
4. Filter between downstream fil l  and the foundation: The main function of 
this filter is to prevent saturation of the downstream fill, thereby reducing the 
possibility of downstream slope failure. It also provides a drainage path for 
excess water and allows for dissipation of pore pressures.
However, a conservative approach is always desirable in designing dams. The 
concept here is that zoning alone is not enough to control seepage problems. A 
combination of multiple precautionary measures using appropriate filters offers 
more positive control over seepage but they must be correctly designed and 
carefully constructed.
Figure 2.2 shows a cross-section of a typical zoned dam giving locations of the 
filters.





2.3 FILTER DESIGN CRITERIA
Permeability and retention are the main functional requirements of a filter. To 
facilitate these two performances, empirical criteria have been developed since 
the 1920s by extensive laboratory experiments (Fischer et al., 1996). These 
empirical criteria are simple in application, though they are applicable only to 
the ranges of materials used in testing. With the increase in knowledge about the 
fundamentals of the hydraulic and physical principles, these criteria have been 
developed from empirical to analytical methods. The following section provides 
a summary of these methods, their development and limitations in application.
2.3.1 Empirical design methods
Empirical criteria have been developed using the results from filtration tests 
which are commonly carried out for a variety of base-filter combinations. 
However, these rules cannot quantify long-term effects due to changes that 
occur with time, such as permeability. Similarly they can be used only for the 
base-filter combinations they have tested. Yet, these empirical criteria have been 
relaxed in instances where experiments and experience have demonstrated a 
reliable safety factor.
Most of these empirical rules are based on filter to base particle size ratios of 
Dp/dq, where D p is the grain size of filter in which p percent of particles by dry 
weight are smaller than D , and dq is the grain size of base in which q percent of 
particles by dry weight are smaller than d. The most common particle sizes in 
this context are D 15, D50, dis, dso and dss- The following overview provides the 
progression of these empirical criteria over time.
Terzaghi’s work of 1922 (cited in Vafai, 1996) is the basis for the most 
subsequent developments in filter criteria. He designed his criteria based on 
testing uniform sands and incorporating in it the two main requirements of a 
filter, i.e., permeability and retention (piping).
Permeability condition ensures that the filter is substantially more permeable 




—-  > 4 or 5 (2.1)
1̂5
Retention condition ensures that the filter will prevent piping or retain the soil it 
protects, hence:
< 4 or 5 (2.2)
1̂5
Bertram (1940) conducted extensive laboratory experiments and verified that the 
above criteria suggested by Terzaghi (1922) were conservative. He extended his 
experimental work on fine-grained base and a coarse-grained filters; examining 
progression in retention, erosion and permeability and proposed the following:
For rounded, smooth grains of base and filter materials:
D




^  < 8.7 (2.4)
^85
Similar results were found for crushed quartz grains of base and filters.
The combination of crushed quartz and rounded grain materials of base and 
filters produced:
- ^ < 8 . 5 ,  (2.5)
and
^ - < 6.5 (2.6)
8̂5
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Naturally graded sand of base and filter materials gave the following 
requirements.
< 9 , (2.7)
and
- 7 1  £  6 (2 .8)
“ 85
The work of Bertram (1940) has been followed by the USACE (1941). They 
conducted tests for uniform fine sand base and a blend of medium coarse gravel 
and fine medium gravel filters having roughly parallel particle size distribution 
curves. This gave rise to the following definition:
- 11 < 5 (2.9)
d l5
Further tests carried out by USACE (1953) on mortar sand and gravel filters 
with various base materials led to the following relationships:
< 20 , (2.10)
- ^ < 5 ,  (2 .1 1 )
^85
and
^ - < 2 5  (2.12)
^50
The criteria developed by Bertram (1940) and USACE (1953), were followed by 
USBR (Karpoff, 1955). Karpoff carried out tests employing materials ranging 
from crushed gravels to natural well-rounded gravels to fine silts. Currently, the 
recommendations of USBR (1977) are the most widely and successfully used 




USBR (1977) described the following empirical relationships:




The above criteria were to be applied with the following deductions:
• The filters require less than 5 percent of particles smaller than 75 
microns, and the fines should be granular (cohesionless);
• The grain size curve of the filter should be roughly parallel to that of the 
base material;
The above design practice is satisfactory for filters of natural sand and gravel 
and of crushed rock and for uniform and well-graded materials, as further 
elaborated below:
• By having material finer than 75mm, segregation and bridging of large 
particles can be avoided during placement of the filter;
• Broadly graded clay-sand-gravel mixes may not ‘self-filter’, and the 
clay may erode through a filter designed on the basis of overall grading. 
Therefore, for base materials which include gravel particles, D 15, dgs etc. 
should be analysed on the basis of the gradation of the soil finer than 
4.76mm.
Terzaghi and Peck (1967) derived the following relationships based on 









Lund (1949) introduced the coefficient of uniformity (Cu) into filter design 




Thanikachalam and Sakthivadivel (1974) developed the following criteria based 

















The United States Soil Conservation Service (USSCS) carried out tests on filters 
of sub-rounded to sub-angular particles and uniform bases. Sherard et al. 
(1984a,b) deduced the following for effective filtration:
- 7 -  < 9 (2.20)
¿ 8 5
For silt and clay base soils, Sherard et al. (1984b) carried out ‘Slurry’ and ‘Slot’ 
tests to simulate concentrated leaks likely to occur due to cracking of the core 
(Fell at el., 1992). They suggested that this could lead to local excessive 
hydraulic gradients (Figure 2.3) at the interface of the core and the filter. As the 
core of the dam is usually cohesive, it was important to develop filter criteria for 
the retention of cohesive base soils. Tests conducted by Sherard et al. (1984a,b) 
indicated that
for clay and fine silts:
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for clay and silty sand:
A
(2.22)
high hydraulic gradients near "ab" 
as interface becomes plugged
Figure 2.3. Sketch showing concentrated leak through dam core discharging into 
downstream filter (Sherard e t a l. 1984b, and Indraratna e t al. 1996)
No Erosion Filter (NEF) Test was proposed by Sherard and Dunnigan (1985), 
and is described in more detail later (Section 2.5.2). NEF Tests conducted by 
Sherard and Dunnigan (1985) revealed the following important criteria for a 
range of base soils.
Impervious Soil Group 1 (fine silts and clays with more than 85% passing the 
No. 200 sieve):
A— < 9 (2.23)
85
Impervious Soil Group 2 (silty and clayey sands and sandy silts and clays with 
40-85% passing the No. 200 sieve):




Impervious Soil Group 3 (silty and clayey sands and gravely sands with 15% or 
less passing the No. 200 sieve):
< 4 (2.25)
Impervious Soil Group 4 (coarse material intermediate between Groups 2 and
3):
Di5< — — -  (4 x dg, - 0 .7 mm) + 0.7 
4 0 -1 5  ' 83 '
(2.26)
where A is the percentage of base material passing the 200 microns sieve.
Kenny et al. (1985) adopted the concept developed by Silveira (1965), the 
controlling constriction size Dc*, which is a size characteristic of the void 
network in a granular filter. D * is equal to the diameter of the largest particle 
that can possibly be transported through the filter by seepage.
They deduced that:
D* < 0.25DS, (2.27)
and
D * < 0.2 D15 (2.28)
Moreover, the following criteria were proposed by Kenny et al. (1985) for 
cohesion-less bases and filters having uniformity coefficient Cu < 6 :
D5 < 4 d 50i (2.29)
and
D 15 < 5dso (2.30)
Honjo and Veneziano (1989) performed a statistical analysis on previously 
published research data on cohesionless material and confirmed that Terzaghi’s 
retention criterion (Equation 2.2) is the most important parameter, and they 




^ - <  5 . 5 - 0 . 5 ^ -  (2.31)
“ 85 “ 75
where, dgs/dys is the ‘self-healing index’ (< 7), D ]5 is the pore size of filter 
material and dss is the base particle size to be retained in order to stabilise the 
base with effective self-healing. They further observed that there was no 
evidence to confirm that Dso/dso ratio correlates with the filter performance.
Vaughan and Soares (1982) suggested an alternative method for designing filters 
for non-cohesive soils based on a base soil size (£, microns) - filter permeability 
(k, m/sec) relationship (Figure 2.4) given by
k = 6 .7 x l0 -6 x S 152 (2.32)
In the above equation, S  represents the soil particle size to be retained. For an 
internally stable, non-cohesive base material, £ should be taken as dssb
Indraratna et al. (1996) carried out extensive tests on the lateritic residual base 
soils of South East Asia and clean sand filters to define effective and ineffective 
filters. If a filter was successful, then it was termed effective and if a filter 
became clogged or unable to retain the base soil, it was termed ineffective. They 
defined a boundary between these two categories and proposed the following 
permeability criterion.
k = 6 .3x lO -6 x £ 851'25 (2.33)
where k (cm/s) is the permeability of the filter and Si5 (microns) is the retained
base particle diameter. This is similar to Equation 2.20 proposed by Vaughan 
and Soares (1982).
For lateritic base soils, Indraratna et al. (1996) further developed the following 
criteria:
For d%5 of 45 - 60//m
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Figure 2.4. Base particle size vs filter permeability relationship 
(Indraratna e t al. 1996)
2.3.2 Analytical models
Very few attempts have been made to analyse the mechanism of base particle 
migration through a granular filter based on mathematical modelling (Silveira, 
1965; Koenders and Williams, 1992; Adel e t a l., 1994). Various void models 
have been extensively adopted to model filtration, permeability, seepage and 
contaminant transport (Indraratna and Locke, 2000).
Indraratna and Vafai (1997) produced an analytical model for the infiltration of 
a base soil particle in the filter. They have used mass and momentum 
conservation theories to predict this movement of base particles within the filter 
with time, providing geometric constraints to particle movement. In their
18
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approach, they have adopted the simple void model proposed by Kovacs (1981) 
(Figure 2.5), in which Equation 2.36 gives the minimum pore diameter {do) for 
the filter.
d 0 =  2. 67— (2.36)
1 — n a
where Dh is the mass weighted equivalent diameter of the filter, a  is the shape 
factor and n is the porosity of the filter material.
Figure 2.5. Pore channel model (Indraratna and Vafai, 1997)
In the above model, particle sizes smaller than the minimum pore diameter are 
allowed to move through the filter once they have achieved the critical hydraulic 
gradient, determined by the limit equilibrium of the particle. The extension of 
erosion and particle retention was predicted using the change in particle size 
distribution curve with time. Particle retention is predicted through the 
formation of a fine tail at the bottom of the particle distribution curve of the 
filter. In addition, this model predicts the reduction in permeability and flow rate 
with time. They further found that the model is realistic for granular materials 
such as fine sands and silts or less cohesive residual soils.
The probabilistic methods describe base particle migration by the probability 
that the particle encounters a void through which it can pass. Silveira (1965) was
19
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the first to apply probabilistic methods (Indraratna and Locke, 2000). Silveira’s 
model analyses the continuous transition between filter and base during the 
seepage process until the base particle encounters a void through which it cannot 
pass. It also has the ability to analyse the effect of filter thickness as well as the 
particle size distribution. But it does not have the ability to predict the changes 
in particle size distribution as in the model developed by Indraratna and Vafai 
(1997).
Indraratna and Locke (2000) have improved the previous model developed by 
Indraratna and Vafai (1997) by adopting the three-dimensional pore network of 
Witt (1993), considering a Constriction Size Distribution (Figure 2.6). This 
model incorporates a probabilistic approach (Silveira, 1965) to predict the 
particle infiltration depth (L) given by,
L =
ln ( l-P )  
In P ( F )
D f , mean (2.37)
where P (F )  is the probability of a base particle passing one layer of ‘n’ number 
of layers of the filter, P  is the confidence level required to stop a particle 
moving forwards through a filter and D f mean is the mean filter particle diameter.
In addition, the model is able to predict the changes in particle size distribution, 
porosity, permeability and flow rates.





Filtration phenomena in wastewater provide the most extensive body of 
literature relevant to particle transport and deposition (Reddi, 1997). Deep bed 
filtration models (empirical, trajectory analysis, stochastic and network) 
developed for wastewater filtration give an extensive range of transport 
mechanisms [McDowell-Boyer et a l , (1986), Ives (1975), Tien and Payatakes 
(1979)]. Generally, a particle deposition coefficient (X), a lumped parameter (0) 
which takes into account the effect of deposition on several inter-particle forces 
such as gravitational, inertial, hydrodynamic, electrical double layer and van der 
Waals forces and a critical velocity (vcr) beyond which no particle clogging is 
likely are defined to validate the time dependant permeability reduction in the 
wastewater soil filter models.
Rege and Fogler (1988) developed a network model to simulate the flow of 
emulsions and solid particles through a porous media which investigated two 
important factors -  the ratio of particle size to pore size and the fluid velocity on 
particle deposition. Rege and Fogler (1988) used the probability of capture of 
particles smaller than the pores they travel through and the change in pressure 
drop due to particle deposition in their model.
Hunt et a l  (1993) adopted a model that describes the relationship between 
hydraulic gradient and specific deposit in deep bed filtration. Hunt et al. (1993) 
idealised their model for clogging in a packed bed of granular material, based on 
flow between two parallel plates with the deposited solids growing out from the 
walls. Govindaraju (1996) developed an analytical expression under local 
capture/detachment probability law for the movement of fine particles. This 
model is applicable for a homogeneous porous medium with a uniform steady- 
state velocity field.
Reddi and Bonala (1997) used the model by Rege and Fogler (1988) to develop 
an analytical solution for fine particle accumulation in soil filters. The model 
accounts for particle transport in the base soil and uses a lumped parameter to 
account for the effect of physicochemical forces influencing particle deposition. 
Reddi et a l  (2000) extended the Reddi and Bonala (1997) model to describe the 




channel model was used to describe the filter voids. The pore sizes decrease as 
fine particles accumulate on the pore walls. The Hagen-Poiseuille equation 
relating permeability to pore size was used to predict the decrease in 
permeability as the pores became clogged. The model was verified through 
laboratory experimentation.
2.4 FACTORS AFFECTING FILTRATION
The factors affecting filtration are:
1. particle size distribution of base and filter material;
2. permeability;
3. critical hydraulic gradient; and
4. filter thickness.
2.4.1 Particle size distribution of base and filter material
The porous medium structure of a filter is generally defined with the particle 
size distribution, grain shape and porosity. The base material it has to protect, 
governs the size of the filter material. Almost all the empirical criteria define 
this relationship between the filter and the base. As already stated in Section 
2 .3 .1 , the effectiveness of filters is represented by D 15 size, and the 
corresponding base materials are represented by dss, dso, dis or d95 sizes.
The main indicator of the filtration ability is the pore sizes between the filter 
grains, which usually relate to the grain size distribution of the filter material. 
The distribution of controlling constriction size is an alternative criterion 
developed to represent filtration solely as a ‘porosity governed’ phenomenon.
In adopting any design rule, the following practical criteria in selecting particle 
size distribution is important (Fell et al., 1992):
•  Breakdown of coarser particles occurs during placement and compaction; 





• Allowing wider particle size grading makes it possible to match filter 
grading requirements to the grading of those locally available materials 
(sand and gravel); thus lowering the manufacturing costs.
2.4.2 Permeability
The permeability is influenced by the size and shape of the grains, their 
distribution and the porosity. The smaller the grain size or porosity, the lower 
the permeability. For non-cohesive soils, several equations are deduced from 
particle sizes D 5, Dio or D 15 of the filter (Indraratna et al., 1990). It appears from 
most findings that permeability is proportional to the square of the above 
particle sizes considered (Giroud, 1996).
Sherard et al. (1984b) has deduced the following empirical relationship for 
filters compacted to 80-90% relative density:
k = 0.35D152 (2.38)
where: k is given in cm/s and particle size given in mm.
Giroud (1996) proposed the following criteria for the permeability of a granular 
filter.
^FGRA~^s (2.39)
where: kpcRA is the coefficient of permeability of the granular filter and ks the 
coefficient of permeability of the base soil. Further, Giroud (1996) observed that 
the above relationship is equivalent to the following:
d l5F=5dl5S (2.40)
where disF is the 15 percent particle size of the filter material and diss is the 15 
percent particle size of the base soil.
Giroud (1996) has suggested permeability criteria related to geotextile filters for 




studied influence of stress levels on thickness, porosity, permittivity, 
transmissivity and pore sizes on geotextiles relevant to drainage and filtration.
Delgado et al. (2000) stated that the permeability decreases with the degree of 
compaction and recommended that the permeability be considered with particle 
size distribution and the level of compaction at the same time.
Permeability further depends on the mineralogical composition of the soil itself. 
The greater the ion exchange the lower the permeability, as ion exchange 
increases the ratio of independent loosely aggregated portions of the filter. The 
sensitivity decreases from clays to silt, sands and gravels. The degree of 
flocculation and degree of saturation are the other two factors which affect 
permeability. Higher flocculation and saturation increase permeability.
2.4.3 Critical hydraulic gradient
Indraratna and Vafai (1997) proposed a critical hydraulic gradient determined by 
the limit equilibrium of a plugged particle within a pore channel. The particle 
will become unstable when the applied hydraulic gradient exceeds this critical 
value.
Vaid and Tomlinson (1996) did experiments to investigate the effect of 
confining pressure and critical gradient using glass beads to idealize granular 
filter material. They found that confining pressures act as a destabilization force 
allowing material to erode out at lower gradients. They deduced that under 
identical conditions piping triggered at smaller gradients, if the rate at which the 
gradient increase was higher or the filter thickness was small.
The USACE (1971) carried out a series of extensive filtration experiments, 
varying the hydraulic gradient and rate of increase of the hydraulic gradient. 
This gave rise to the following conclusions:
1. At a hydraulic gradient below unity, the failure of base-filter combinations 
occurred. The susceptibility to piping at higher hydraulic gradients 
increased when the filter was subjected to vibration. Vibrations were 
applied by tapping the apparatus with a rubber mallet;
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2. The performance of the filter was affected by the rate of increase of the 
hydraulic gradient. A rapid increase in hydraulic gradient has the same 
effect as vibration. This is attributed to the rapid head increase preventing 
bridging of base soil grains over filter pores (Figure 2.7). A number of 
particles smaller than the pore size under an applied load such as that 
applied by seepage forces can maintain a stable arch over the pore and 
prevent particle movement. These bridges are destroyed by vibration or 
rapid changes in hydraulic gradient;
3. The downward flow condition is believed to be more critical than the 
upward flow if vibration is applied.
Figure 2.7. Bridging phenomenon at base soil-filter interface 
(US ACE, 1971)
2.4.4 Filter thickness
Vaid and Tomlinson (1996) realised from the same investigation described in 
Section 2.4.3 that thin filters allowed piping to occur at much smaller gradients 
than thicker filters. They argued that thin filters do not trap sufficient soil to 
form a filtration zone to prevent the soil from eroding at low hydraulic gradients.
Humes (2000) proposed a methodology to determine the minimum filter 




verification of the formation of a self-filtering zone in the filter. This 
methodology is used mainly for well-graded and uniform soils.
Indraratna and Locke (2000) proposed an analytical model, which predicts the 
required filter thickness by allowing a base particle to move from one layer to 
another until it encounters a constriction size through which it cannot pass. They 
deduced that in a successful filter the first 15cm captures particles forming a 
self-filtering zone, which prevents further particle loss. The model is suitable for 
uniform and well-graded non-cohesive soils.
2.5 LA BO RA TO RY  TESTIN G
The laboratory testing to check filter criteria can be divided as either non­
cohesive or cohesive material evaluation.
2.5.1 Non-cohesive material
Most filter testing procedures use a similar type of testing apparatus as shown in 
Figure 2.8 (Indraratna and Locke, 1999) with modifications. Basically, the 
apparatus consists of a base soil overlying a filter. A sufficient high-pressured 
flow through valve ‘A ’ is rapidly applied from the top of the sample to examine 
whether the base soil is eroded. The bottom valve ‘B ’ is kept open during this 
process and the effluent is collected to examine the presence of any eroded base 
material. The side valves are used to determine hydraulic gradient at different 
levels.
A filter is termed successful if no base soil is eroded and regarded as a failure if 
significant erosion of base occurs in the first 60 seconds and continues at the 
same rate (Fell et al., 1992).
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Figure 2.8. Laboratory apparatus for filter tests
2.5.2 Cohesive material
No Erosion Filter (NEF) test proposed by Sherard and Dunnigan (1985) is the 
most commonly used test for cohesive material. Figure 2.9 illustrates the NEF 
test apparatus (Sherard and Dunnigan, 1985). The apparatus consists of a base 
soil overlying a filter material. A ‘pin hole’ of diameter 1.0mm for fine soils and 
5 to 10mm for coarse soils was then made in the centre of the base layer as 
shown to encourage internal erosion. A high-pressure flow is then applied 
through the top of the apparatus and the flow rate and turbidity of outflow is 
monitored for 5 to 10 minutes. The test is then shut off and the apparatus 
dismantled to observe the erosion of the base soil.
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Figure 2.9. NEF test apparatus (Sherard and Dunnigan, 1985)
Following their tests on NEF apparatus, Sherard and Dunnigan (1985) classified 
soils from impervious dams into four major groups depending on the fine 
content of the material (Table 2.1).
Table 2.1. Filter boundaries determined by fine content (Sherard and Dunnigan, 
1985)
S o il
G ro u p
F in e  c o n te n t by  N o . 2 0 0  
S ie v e  (% )
F il te r  b o u n d a ry  (D i5b) d e te rm in e d  by  th e  
te s t
1 8 5 -1 0 0 D i5b=  7d85-12dg5
2 4 0 -8 5 D i5b = 0 .7 -1 .5 m m
3 0 -15 Disb =  7ds5-10d85
4 15-40
B e tw e e n  g ro u p s  2  a n d  3, d e p e n d in g  on  fin e  





The types of dams, filter types and their functions are introduced in this chapter 
with a summary of the development of filter criteria since the 1940s. It further 
provides an insight into the factors affecting filtration and the laboratory test 
methods used. The empirical rules directly or indirectly incorporate most factors 
affecting filtration. However, their applicability is limited, as empirical relations 
cannot predict time-dependent changes. They are only applicable to the soils 
tested. Similarly, probabilistic approaches also lack the ability to predict time- 
dependent variables. In analytical models, attempts have been made to develop 
solutions which include time and space variations.
Limited data is available to evaluate the effect of filter thickness, critical 
hydraulic gradients or the rate of hydraulic gradient increase on the erosion or 
piping of particles. In the past, limited experiments have been conducted to 
quantify the role of filter thickness on the effectiveness of filters.
This research study was conducted to determine an empirical relationship 
between the effective filter thickness, applied hydraulic gradient, and filter and 
base soil parameters. The following chapters discuss the theoretical study 








The processes of erosion, transportation and deposition of base soil particles 
within a filter are related to the interaction between solid particles and the 
movement of the surrounding water. In this chapter, theoretical developments of 
the role of critical hydraulic gradient and effective filter thickness are discussed. 
Also a dimensional analysis carried out to identify the relationship between the 
parameters considered (outlined in Section 2) is discussed. The relationships 
arrived through dimensional analysis and the mathematical or semi-empirical 
formulae developed are given in Section 3.
3.2 THEORETICAL DEVELOPMENTS
3.2.1 Development of critical hydraulic gradient for particle movement in
filtration
A soil medium can be best described as a matrix of interconnected openings, 
which serves as a fluid carrier. These pore skeletons are composed of 
impermeable boundaries created by soil particles. In the process of seepage, the 
forces accelerating and maintaining the movement must overcome the resistance 
of these channels. The resistance of the network mainly depends on the size and 
shape of the pore channels.
3.2.1.1 Force balancing of a base particle
The pore system of the filter is modelled as assemblages of fluid conduits with a 
minimum pore diameter (d0), given by Equation 3.1. The size of the base 
particle that can pass through a pore channel is governed by the smallest of the 




have adopted a model representing the voids in a filter as parallel channels of 
constriction and voids (Figure 2.5), which is also followed here. The use of pore 
constriction dQ was shown by Kovacs (1981) as an appropriate characterization 
of the effective pore sizes of a natural soil to study the retention of fine grains in 
granular soil pores. Thus, the minimum pore diameter d0 (constriction) is 
adopted in this study as it is assumed to be the most influential factor governing 
the size of the erosive base particles.
To simplify the analysis, transient phenomena such as consolidation, swelling or 
shrinkage of soil matrix are not considered within the scope of this analysis. 
Fluid flow is assumed incompressible and the pore system is assumed to be 
saturated. The inertial forces are neglected to simplify the analysis. The 
minimum pore diameter (do) is given by:
d0 2.67
n Dh
1 - n  a







In the above, D; is the average diameter in the ith interval of the particle size 
distribution curve of the sample considered, and A5/ is the weight of grains in 
the ith interval divided by the total weight of the sample (Figure 3.1).
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Figure 3.1. Calculation of effective diameter from particle size distribution curve 
(Indraratna and Vafai, 1997)
Using Poiseuille’s equation, the flow (Qo) through one pore channel in the 









where, i = hydraulic gradient, and jUw and yw are the viscosity and the unit weight 
of water, respectively.




n  d 02
(3.4)
Thus the virtual discharge velocity (v) of the sample becomes:
v = Q0N = n
7 „ a 32
(3.5)
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Combining the above equation with Darcy’s law, v = ki, the hydraulic 










Pressure and viscous (drag) forces due to flow act on a stationary particle 
immersed in flowing water. In addition, the gravity and uplift forces as well as 
the frictional resistance also act on the particle (Figure 3.2), as discussed by 
Robertson and Crowe (1993). Once the applied forces on the particle reach a 
critical value exceeding the resisting forces along any given direction, the 
particle is assumed to move.
Figure 3.2 Diagram indicating the forces acting on a particle 
when particle diameter < pore diameter
By considering the limit equilibrium in the direction of flow,
Fa p +  F d -  ( W - U ) s m c c - F fx = 0 (3.7)
Fd denotes the drag force of particle, Ffl is the shear (frictional) force at the
interface of the particle and the pore wall, W is the weight of the particle and U 
is the uplift force. F'¿p denotes the net hydrostatic force acting on the projected




Hydrostatic force (F^p ) also can be calculated considering Darcy’s Law, from 
which the following equation can be derived after mathematical simplification:
Fap = iy w(&)
mi2 ^
(3.8)
where & = length of pore channel (Note that the length of the pore channel will 
always be greater than or equal to the thickness of the filter).
Drag force (Fd) is calculated from Stokes’ Law. If the particle is assumed to 
achieve terminal velocity and follow laminar flow for a Reynolds number less 
than 0.5, the magnitude of Fd can be estimated from the following expression:
Fd =3nnwd (3.9)
Frictional force (F/y) is calculated as a function of the normal force (Na), acting 
at the particle-pore wall interface. Substituting the relevant values for the uplift 
force (U) and weight (W) of the particle, an algebraic expression for F/y is 
obtained by:
^ n d 3 , \ ,
F j i  = - t - 0 ' 5 - ) ' J cos a ( / ) , (3.10)
where, /  co effic ien t of friction of the base material = tan 0 . The parameter0 
is the angle of repose of the base material and the term (yA. -  y w) represents the 
submerged unit weight ( / ' ) .
Substituting Equations 3.6, 3.8, 3.9 and 3.10 in Equation 3.7, the value of the 
hydraulic gradient (/) is obtained in the following manner.
*>«(& ) 3x}iwd ( - ) - ^ - ( y s - y„)[cosa(f)  + s in a }= 0 6
' 7ld2 N (  k ^
+ 7tju  -4 J
••• i>w(& )




n  d' i y ,  - r „ ) [ c o s a ( / )  + sina ]
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i =•
3 Y\w &-d + 0.375-<i0
(y')[cosa(/) + sinaj (3.11)
At the limit when Ss —> d, the critical hydraulic gradient (icr) is given by:
3 y w(d2 + 0.375 d02 )
( / )[cos a ( f )  + sina] (3.12)
22 d
Figure 3.3 shows the variation of icr with the particle diameter based on 
Equation 3.12. These were based on an assumed angle of repose (<p) of 28°, 
submerged unit weight ( / ' )  of 8.2 kN/m3, for a  varying from 0 to 90°, with an 
equivalent minimum pore diameter of 650 p,m.
Figure 3.3. No erosion boundaries based on critical hydraulic gradients for 
d  <  dG, for a constant d0 value of 650 p,m
In developing Equation 3.12 to determine icr, the force balancing is carried out 
for the condition when filter thickness reaches the particle diameter, i.e. between 
the two faces of the particle normal to flow. In reality, for a filter to fail, the base 




predicting the actual behaviour of a filter, if dQ is constant throughout filter 
thickness, then Equation 3.12 becomes:
2 d-Ss
3yw (d2 +0.375
(y ')[co sa(/) + sina] (3.13)
3.2.2 Development of effective filter thickness for particle deposition in filtration
In order to find out an expression for the effective filter thickness in filtration, 
basic principles of mass and momentum conservation are considered with 
particle deposition and removal rate within a filter. These equations are 
developed for vertical flow through a filter, assuming that particles are deposited 
at a constant thickness along the filter pores.
Assuming that the base sediment mixture or soil slurry is passing through the 
pore system within a filter, the unit weight of the submerged base mixture (ym) is 
the total weight of solids and water in the voids per unit total volume (Allen, 
1970 and Julien, 1995). This can be mathematically expressed as follows.
m Vv s w
(3.14)
where Vs and Vw are the volume of solids (base soil) and water respectively. 
Equation 3.14 can be simplified as a function of porosity n , to give: 
rm=Ys(l - n) + y wn (3.15)
The density of the base soil mixture can be expressed as:
Pm = p s{l~n) + p wn (3.16)
where ps and po  are the density of base soil particles and water respectively. 





where g is the gravitational acceleration.
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3.2.2 .1 C onservation of mass
In Figure 3.4, a base soil mixture of density p nh with an approach velocity of 
u = Q /A  is flowing through a filter element of thickness Az, where Q  is the 
volumetric flow rate and A is the cross sectional area of the filter element.
flow
direction
Figure 3.4. Flow of a soil mixture through a filter element of thickness Az
Using mass conservation principle, the rate of mass accumulated within the filter 
element during a time period d t , taking downward direction negative can be 
expressed by:
^PmU _  /3 2 g\









If the effective filter thickness for a particular hydraulic gradient i is Le and if all 
base particles are deposited through the thickness, the density of soil slurry 
p m will eventually become p w at time T, where Pw is the density of water. Using 







+ u, Pm Pv Pm Pw (3.20)
Equation 3.20 can be re-arranged to give:
L . ,
= ~(Pm ~ P J
f u, O—  + —
L TV e J
(3.21)
3.2.2.2 Conservation of momentum
Assume that the volume of base soil mixture in Figure 3.4 is Vm. Then, by the 
conservation of momentum principle, the following expression can be obtained.
'ZF = p mV,
( du du>---- 1-u —
dt dz
(3.22)
where EF  is the external forces acting on the base soil volume.
I F  is given by,
Z F  = - ^ V m- p mgVm+ p mRVm 
oz
(3.23)
where —  is the pressure gradient, and R is the viscous drag exerted on the unit
dz
mass of soil mixture along the pore channel (Franciss,1985), expressed by
R u •— = — , where k is the permeability of the filter.
8 *
Substituting EF  into Equation 3.22 changes Equation 3.22 to:
k.v -p ok -p ^ - v  =p v^  vm r'mo ' m r m  , vm r'mr ndz k
UL -  Hi , UL -M;-  + u, (3.24)
Dividing Equation 3.24 by pnigVm, gives:
pg dz k g
U, — U: U, -U:
—-----L + U; — -----L (3.25)
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1 dvBut — is the hydraulic gradient i, which in turn can be written as: 
Pg oz
i =
1 dp _  ui 
p g  dz k
(3.26)
Substituting this expression simplifies Equation 3.25 to:
1 + 2 i =  -  ̂u L -  ut Y 1 W Y
V
— +
* k T  L<
(3.27)
3.2.2.3 C hange in porosity due to base soil particle  deposition
The initial porosity of the filter changes during accumulation of base particles 
within its pore channels. The resulting reduction in pore channel area will 
increase the interstitial velocity with time (Ives, 1975).
In the following section a solution for the effective filter thickness is arrived at 
using the above assumptions. Reddi and Bonala (1997) have used a similar 
approach for fine particle accumulation in soil filters. In order to determine the 
deposition in the filter the above authors adopted the particle capture probability 
approach as described by Rege and Fogler (1988). The probability of particle 
capture in pore tube is equivalent to a fraction of total flow in the annulus of a 
pore tube between r and (r-Oa), as shown in Figure 3.5.
Figure 3.5. Probability of particle capture in pore tube is equivalent to fraction of 
total flow in the annulus between r and iy-Oa)
(adopted from Rege and Fogler, 1988)
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In the following section, a simpler approach that does not consider a 
probabilistic approach as described above is considered, assuming a uniform rate 
of deposition along the filter pore channel.
In the simplified approach assume the coating thickness (Sd) due to deposition 
of base soil particles extends throughout the thickness of the filter and is 
constant, as shown in Figure 3.6.
▼
Figure 3.6. Coating thickness within a pore of diameter do (radius ro) of the filter
Assume the thickness of deposition in pore channels is equal to the average base 
soil particle diameter d aVe. Based on this assumption the volume change due to 
deposition may be quantified. Consider N  pores with diameter do (radius ro) 
existing in the unit face of filter area, where length / is taken per unit depth (Ives, 
1975). Consider do >  2 S d  =  2 d ave (see Figure 3.7).
Figure 3.7. Number of pores per unit face of filter area per unit depth and the 
deposition of base particles along pore periphery
Using the above given assumptions and conditions, the initial porosity n can be 
written as:




After the deposition of base soil particles, Equation 3.28 can be written as
n = n(r0 - d ave)2 N l (3.29)
Dividing Equation 3.29 by Equation 3.28 gives
n - n (r0 - da,<)' (3.30)
This can be rewritten as
n =  nC, (3.31a)
where C0 = ( r0 ^ave)
For the case, do < 2Sd = 2 dave, the value of C0 = C can be changed to
C =
(4r0 - d ave ) 
4 r J
(3.31b)
With the accumulation of deposition, the pore cross-sectional area reduces 
giving rise to interstitial velocity changes within the filter element.
Let Ui and ul be interstitial velocities of the filter. Then:
u . u Uj = — and uL= — 
n n
(3.32)
Hence ul-ui can be written as:
( n - n
u L -  Uj =  u
V n n  J
(3.33)
Substituting n into Equation 3.33 changes Equation 3.33 to
1 - C 0 1 - C






3.2.2.4 Formulation of an expression for effective filter thickness
With the derivations for porosity and velocity changes (Section 3.2.2.3), the 
conservation of mass and momentum equations (Sections 3.2.2.1 and 32.2.2) 
are solved simultaneously, to formulate an expression for the effective filter 
thickness.
Substituting [l/T + ui/Le] from Equation 3.21 in Equation 3.27 gives:
[2l + 1]g = P A UL ~ Ui)
uL - u ,  (Pm- P W)L, ( i M )
Hence, the effective filter thickness Le is given by
L = Pm(uL~uif  
‘ (Pm~ PwX2i + i)g
(3.36)
By substituting for (uL -  u¡) and w/, Equation 3.36 is simplified to
p A i - c 0)2u 2
n2Co2{Pm ~ P A 2' + Og
(3.37)
For the case do < 28d = 2 dave, the value of C0 = C .
Figure 3.8 shows the effective filter thickness for varying uniform base soil 
particle mixtures for a constant pore diameter do = 600pm, based on Equation 
3.37. The porosity of the filter is assumed to be 30%. The initial average 
velocity for soil mixture u is calculated using permeability of filter as 
l.SxlO ^m s ' 1 for hydraulic gradients 25, 50 and 100. The average base soil 
particle size of the base mixtures considered are dave = 50, 100, 150, 200 and 
250pm. The density of the soil mixture is calculated from Equation 3.16 using 
the density of base particles ps = 2650kg/m3 and density of water pw = 
10 0 0kg/m3.
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Figure 3.8. Effective filter thickness for base particle sizes < do= 600pm
3.2.2.5 F orm ulation  of a relationship between effective filter thickness and 
critical hydraulic  g rad ien t
A further equation can be obtained from the theoretical relationship developed 
for critical hydraulic gradient (Equation 3.13) and effective filter thickness 
(Equation 3.37).
For vertical flow, Equation 3.13 becomes
/. \ _ 2 d L , / x
Klcr,fu‘"~ 3 )C (d 2 + 0.375 d02 )
From Equation 3.37, i can be obtained as
■ Pm (1 -C 0) 2U2 1






Dividing Equation 3.39 by Equation 3.38, a relationship between i, icr and Le is 
obtained:
Equation 3.40 gives the required relationship between effective filter thickness 
and the critical hydraulic gradient.
3.3 ANALYSIS OF THE THEORETICAL DEVELOPMENTS
To ascertain whether the above theoretical developments are in order, an 
analysis of them was done using Dimensional Analysis, as it is often used by 
researchers to identify or verify unforeseen inputs which cannot be quantified 
due to limited detail. Buckingham’s II Theorem [Focken (1953), Huntly 
(1967), Langhaar (1962), Taylor (1974), Julien (1995)] was used in this analysis 
as described below.
3.3.1 Buckingham’s 11 Theorem
Buckingham’s II theorem allows us to rearrange n variables in a given system 
into n-j dimensionless parameters, designated by the Greek letter, I I . 
7 ’ describes the fundamental dimensions of the n variables.
If a relationship is expressed by a functional relationship:
where the qs are the numerical values of all variables pertinent to the problem.
Then the dimensionless ratios II will form a new functional relationship given 
by
0  cr )  filter W L 4 g T \ - y L 0 { P m - p w ) C l L L e
(3.40)
0(<7p <72’93’-><7J = O (3.41)




The method of determining the n  parameters is as follows.
• The first step is to select the dependent variable (qf) as a function of 
the independent variables q2,...,qn in Equation 3.41.
• The variables should be written in terms of fundamental dimensions. 
Then select the repeating variables. These variables must contain the 
j  dimensions of the problem, and the dependent quantity should not 
be selected as a repeating variable.
• The n  parameters are then written in terms of fundamental 
dimensions (M, L, T and T°) and substitute for the corresponding 
functions of repeating variables.
• Equation 3.42 is then written keeping the same number of 
independent parameters. That is , the dependent variable and 
n 2, . . . ,n n_; , independent variables.
• Finally, the terms n 2,. .,n„_y can recombine to arrive at a more 
appropriate relationship than the individual terms if desired.
If the variables introduced really do not affect the phenomenon, then the solution 
will end up with too many variables. Similarly, if important variables are 
omitted, the solution may reach an impasse or lead to an erroneous or 
incomplete result.
3.3.2 Application of Buckingham’s n  Theorem to the current problem
As the pore system is considered as an assemblage of pipes in the model, to find 
the relationship for the thickness of the filter the variables are simulated to the 
pressure drop in a pipe system. The functional behaviour of a filter is related to 
pressure drop Ap, the thickness L, pore diameter d0, the average velocity of the 




The following functional relationship is deduced from the above variables 
<p(Ap,L,d0,d,v ,p) = 0 (3.43)
The dimensional formulae of above variables are given in Table 3.1.
In Equation 3.43, the number of variables, n = 6 .
The number of dimensions (Table 3.1),y = 3.
Therefore, the number of dimensionless variables = (n-j) = (6-3) = 3.
Therefore
(̂n1,n2,n3)=o (3.44)
Table 3.2 tabulates the relationships considered for ( r i p E ^ r ^ )  and the final 
solution by equating the values of exponents following each relationship. These 
relationships are then plotted for experimental results from which their inter­
relationships are obtained. In the following chapters, the final mathematical 
solution obtained will be discussed.
Table 3.1. Physical quantities and dimensional formula
Physical Quantity Symbol Dimensional Formula
Pressure drop Ap L 1 M T 2
Thickness of the filter medium L L
Diameter of the pore do L
Diameter of the base particle d L
Velocity of fluid V L T 1




Table 3.2. Dimensionless formula
Dimensionless Physical Dimensional Equation Dimensionless
variable Quantities formula
n, (Ap,v,p) (L-lMT-2)a(LT- l)b(L-3M)c AP 
p v 2
n2 (d0,L) (LY(LŸ L
do
n3 (d0,d) (LY(L)b i ±
d
The following relationship can be written from Equation 3.44
n1=/(n2,n3) (3.45)




y d0 ’  d (3.46)





= c, —  + c2---- 1- c3
1 dr
(3.47)




( d   ̂a0
a2
or as a combination of both.
(3.48)
Experiments were carried out to determine the constants and/or exponents to 
define a relationship between the dimensionless variables considered in this 
study. Their deductions and the final mathematical or semi-empirical formulae 




However, as presented in Section 4.4.4 the final mathematical formulae deduced 
by best-fitted curves on experimental results were found to be non-linear 
functions of second order of the dimensionless variables considered and not of 
the form assumed in the above Equation 3.48.
3.4 SUMMARY
This chapter represented the theoretical development of the critical hydraulic 
gradient and the effective filter thickness and the relationship between the two. It 
further discussed the preparatory steps required to find a relationship between 
the parameters considered using dimensional analysis and the mathematical or 
semi-empirical formula developed.
The following chapter describes the laboratory studies conducted on uniform 
non-cohesive base-soil filter system to verify the mathematical forms of:
• Equation 3.13 -  Critical hydraulic gradient
• Equation 3.37 -  Effective filter thickness
• Equation 3.46 -  Relationship based on dimensional analysis.
It will also describe the instrumentation and outline the testing procedure 







In this chapter, the aim of the experimental study, selection of base and filter 
material and the testing procedures are discussed. In the final section, the results 
of the experiments are discussed and interpreted to develop the final 
mathematical or semi-empirical formulae representing the relationships between 
the filter density, filter thickness, and the hydraulic gradient using dimensional 
analysis.
4.2 AIM OF THE EXPERIMENTAL STUDY
The aim of the experimental study was to verify the analytical solutions 
developed in Chapter 3, considering the effects of in-situ filter density, filter 
thickness, hydraulic gradient and base soil and filter particle sizes. For this 
purpose a series of test was carried out.
Test series 1 -  Filter density:
Ten tests were carried out with the aim of determining the effect of 
compaction time on in-situ filter density. Five tests with the same filter 
material size varying compaction times (series DenO-4) and the rest on 
different filter material sizes (series DFBO-4) for the same compaction 
time.
Test series 2 -  Filter thickness:
To ascertain the length of the filter, which is required to effectively retain 
base soil particles and to verify theoretical formulation (Equation 3.38), 
15 tests (series C6.10-C12.120) were carried out. Three filter lengths (60, 
90, 120mm) were tested at different constant pressures, to establish the 




pressure levels on each thickness were carried out up to a maximum 
hydraulic gradient of 100.
Test series 3 -  Hydraulic gradient:
In order to determine the effect of increased hydraulic gradient on 
filtration, and to verify the theoretical formulation (Equation 3.13), 10 tests 
were carried out by varying the applied water pressures (series Test 1-5 and 
DFBO-4). In this study, 60mm thick filters were tested for 10 different 
base-filter combinations.
4.2.1 Filter density
The aim of the experiments was to determine the effect of compaction time on 
the filter material. In this regard, the filter density and porosity were calculated. 
To simulate different densities, two methods were deployed. The first was to 
compact the same filter material for 0, 15, 30, 45 and 60 seconds beneath a 9kg 
surcharge. The second was to compact different filter materials for a constant 
time of 60 seconds beneath a 9kg surcharge. The total filter thickness comprised 
of 30mm thick filter layers, each compacted for the same specific time to 
achieve a homogeneous density throughout. The test cylinder containing the 
filter layer and surcharge was secured to a vibratory table for the specific time. 
The density (p) of filter material was then calculated using mass to volume ratio, 
M/V, where, M -  total dry weight of the filter material compacted in the test 
cylinder and V= volume of the compacted filter material determined according 
to the total height of the filter.
To measure initial porosity, one litre of water was poured into the cylinder. The 
volume of voids was determined by measuring the height of water level above 
the filter material as shown in Figure 4.1. This height was multiplied by the 
internal surface area of the cylinder to denote a volume Vo, hence (1-Vo) 
represents the volume of voids within the filter material. The porosity in) was 
calculated using the voids to solid ratio (Equation 4.1) given by:




Using the porosity values the minimum pore diameter of the filter was 
calculated by Equation 3.1. A comparison with regard to the effect of 
compaction time on pore size and filter density was then made to identify a 
better and consistent parameter to represent filter materials.
Increase in compaction time will produce a greater filter density and a reduction 
in porosity as filter particles will be packed in a more condensed manner. The 
outcome of the results of these tests is discussed in detail in Section 4.4.1.
In te rn a l su rfa ce  a re a  
o f  th e  c y lin d e r  
F ilte r  V olum e (V ) 
W a te r  V olu m e a b o v e  
F ilte r  m a te r ia l (V 0) 
V olum e o f  v o id s  
w ith in  f i l t e r  (V v)  
P o r o s ity  ( n )
=  A 
=  A L !
=  A L 2
=  (1 ~  Vo) 
=  (1 -V 0)/V
Figure 4.1. Graphical representation of porosity calculation
4.2.2 F ilte r thickness
This study was aimed at determining the effective filter lengths for base-filter 
combinations of varying thicknesses and hydraulic gradients. Three different 
values of filter thickness were tested (60, 90 and 120mm) under various constant 
pressures (10, 20, 30, 50, 60, 70, 90 and 120kPa). A 30mm base was placed 
above the filter bed to simulate the base-filter interface. The base material was 
kept uncompacted to promote the infiltration of base particles into the filter.
Upon completion of each test, 15mm thick layers of filter were removed from 
the cylinder and oven dried. These samples were sieved and weighed to 
determine the mass of base particles in each filter layer. The density of each 
filter layer was calculated. Plots were created to illustrate the variation of filter 
density as the distance from the filter interface increased. The increased filter 
density was clearly due to base particle retention. As shown in Figure 4.2, closer 
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In addition, particle size distribution (PSD) curves were employed to allow a 
visual inspection of the degree of base infiltration into the filter (Figure 4.3). As 
expected, and evident from Figure 4.3, the layer nearest to the interface (Layer




0 20 40 60
Distance from interface (mm)
Figure 4.2. Typical graph showing higher density nearest to the base-filter 
interface
These observations regarding the length of filter required to effectively contain 
the eroded base were used to calculate the effective filter thickness graphically. 
The methods employed to calculate the effective filter thickness via these plots 
are discussed in Section 4.4.3. Based on these plots, the effect of increased 
hydraulic gradients on effective filter thickness as well as a comparison of 
experimental with theoretical (Equation 3.38) effective filter thickness was
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made. Based on this study, recommendations of the filter thickness required for 
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Figure 4.3. Typical particle size distribution curve indicating highest capture of 
base particles nearest to the base-filter interface
4.2.3 Hydraulic gradient
The aim of the study was to determine the effect of increased hydraulic gradients 
on the filtration system and to verify the theoretical formulation of critical 
hydraulic gradient (Equation 3.13). To simulate the point of critical hydraulic 
gradient, the water pressure was increased progressively by 5-10kPa 
approximately at every 30 minutes until the flow rate facilitated a sharp wash­
out of base material, and then decreased with time in all the tests. At each 
applied pressure flow rate was measured continuously and the effluent turbidity 
was monitored using a turbidity meter. The hydraulic gradient was calculated as 




Table 4.1 tabulates a typical record of a test at applied water pressures ranging 
from 2.45 to 20kPa. The mass eroded at the end of each of 30 minutes was 
collected and oven dried. Mass collected at each pressure level was recorded. 
Table 4.2 shows these results for the same typical test. The remaining test results 
together with experimental data sheets are presented in Appendix A.
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T im e to 
c o lle c t  1 
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(F T U )
T im e to 
co lle c t  1 
lit. (sec .)
F low  rate 
(lit/m in)
0 781 51.32 1.2 64 14.21 11.09 5.4
2 25.39 52.38 1.1 66 1.73 11.04 5.4
4 3.17 53.22 1.1 68 1.11 10.87 5.5
6 1.35 53.22 1.1 70 0.55 10.94 5.5
2.45
8 0.87 53.22 1.1
10
72 0.60 10.85 5.5
10 0.83 52.38 1.1 74 1.37 11.00 5.5
15 1.17 53.44 1.1 79 0.89 10.87 5.5
20 0.45 53.47 1.1 84 0.92 10.94 5.5
25 0.6 54.47 1.1 89 0.49 10.72 5.6
30 0.55 54.40 1.1 94 0.49 10.68 5.6
32 143 15.47 3.9 128 2.27 7.84 7.7
34 11.26 15.09 4.0 130 1.12 7.88 7.6
36 3.95 15.16 4.0 132 0.82 8.00 7.5
38 8.73 15.12 4.0 134 0.53 7.97 7.5
5
40 2.49 15.41 3.9
20
136 0.57 7.91 7.6
42 1.05 15.38 3.9 138 0.67 8.00 7.5
47 0.78 15.34 3.9 143 0.34 7.94 7.6
52 2.83 15.38 3.9 148 1.23 7.93 7.6
57 0.79 15.03 4.0 153 0.78 7.88 7.6




Table 4.2. Record of mass eroded at 30 minutes for a typical test
Pressure Hydraulic Mass collected per 30 minutes Mass flow rate
(kPa) Gradient (g) (g/min)
2.45 4.1 0.1 0.003
5 8.3 231.3 7.71
10 16.7 90.0 3.00
15 25.0 81.1 2.70
20 33.3 43.8 0.73
Figure 4.4 illustrates the graphical representation used to highlight the critical 
hydraulic gradient for an ideal test. This figure enables an understanding of the 
performance of the filtration system throughout the entire period of testing. 
Initially, for a very small period of time, a high turbidity was observed as rapid 
washout of some soil occurred prior to the formation of a self-filtering layer at 
the base soil-filter interface. This was generally caused by the flushing out of 
some base particles and any fines that were present in the cylinder or amidst the 
filter particles. Between pressure increases these turbidity readings were 
relatively low, indicating a horizontal plot as shown in Figure 4.4. At the critical 
hydraulic gradient where an increase in pressure resulted in the erosion of base 
soil, a major peak in turbidity occurred. The continuous erosion of base soil 
particles beyond this point resulted in slightly higher turbidity readings. Smaller 
turbidity peaks occurred as the pressure was subsequently increased.
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Figure 4.4. Detection of critical hydraulic gradient for a given base-filter 
combination and a given filter thickness
A graphical representation of base soil collected at each pressure increment indicated a 
similarity to the turbidity readings. Figure 4.5 indicates such a plot clarifying the 
detection of hydraulic gradient for an ideal test. The mass eroded at the first increment 
was generally high indicating an erosion of base soil prior to formation of self-filtration 
zone. But with time the effluent became clear as the flow rate stabilised. With each 
pressure increment, the mass outflow descended indicating the formation of a self­
filtration layer within the filter. At the critical hydraulic gradient, where the increase in 
pressure resulted in erosion of the base soil, a major peak in mass collection occurred. 
The continuous erosion of base soil particles resulted beyond this point, but the mass 






































CH A PTER  4
E X PE R IM E N T A L  SIM U L A T IO N
Figure 4.5. Detection of critical hydraulic gradient for a given base-filter 
combination and a given filter thickness based on effluent mass 
collected during each pressure level




4.3 SELECTION OF MATERIALS AND EXPERIMENTAL PROCEDURE
This section introduces:
• the selection of materials and their properties;
• the equipment used and testing procedures; and
• describes the major features of the laboratory equipment and 
experimental procedure.
4.3.1 Selection of materials
To test the theoretical models developed, fine gravel filters and a non-cohesive 
base soil consisting of fine sand were selected. Uniformly graded materials were 
used to simplify the analysis and to reduce segregation during placement of 
testing materials. Table 4.3 summarises the properties of the filter and the base 
material used. Figures 4.6 and 4.7 illustrate the particle size distribution curves 
base and filter materials used and the associated particle size distribution curves.
Table 4.3. Properties of filter and base materials tested.
Filter/Base No. Uniformity coefficient (Cu) Particle size (mm)
Filter 1 1.2 4.75 - 6.70
Filter 2 1.1 4.00 - 4.75
Filter 3 1.1 3.35 - 4.00
Filter 4 1.2 2.36-3.35
Filter 5 1.4 1.18-2.36
Base 1 1.2 0.150-0.212
Base 2 1.2 0.212-0.300
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Figure 4.6. Filter and base materials selected for testing





4.3.2 Laboratory equipment and experimental procedure
4.3.2.1 Laboratory equipment
The laboratory equipment consisted of:
a) A steel filtration apparatus (Figure 4.8);
b) Turbidity meter (Figure 4.9); and
c) Sieve Set, 9kg Surcharge, Vibrator and a Laboratory Oven (Figure 
4.10).
The filtration apparatus (diameter: 155mm; height: 245mm) consists of an inlet 
pressure transducer, a water inlet, pressure relief valve and an out-flow pipe at 
the base. The cylinder can withstand pressures over lOOOkPa. The outflow pipe 
at the base of the cylinder directs the seepage flow and any eroded particles into 
collection trays kept in the sink.
A microprocessor based turbidity meter is a battery-operated instrument which 
functions by passing a beam of infrared light through a glass vial containing the 
liquid. It measures turbidity in Nephelometric Turbidity Units (NTU) or 
Formazine Turbidity Units (FTU) according to ISO 7027 standards and has a 
range of 0-1000 NTU.
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Figure 4.8. Filtration apparatus
Figure 4.9. Turbidity meter
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Laboratory oven
Sieve set 9kg Surcharge and Vibrator




4 3 . 2.2 Experimental procedure
The order of procedures followed in conducting the tests were:
1. The filter material was placed in a tray and rinsed thoroughly 
to wash away any dust particles present prior to testing.
2. The base material was placed in a tray and wet thoroughly to 
saturate prior to placement in the test apparatus to prevent 
base particles falling directly into filter voids below before 
starting the test. The filtration apparatus was cleaned and the 
cylinder was placed on the base plate.
3. A metal gauze was then placed over the bottom base plate to 
ensure that filter material would not block the opening of the 
effluent outlet.
4. A 30mm thick filter material was then placed and vibrated 
under a surcharge load of 9kg for the stipulated time (15, 30, 
45, 60, 120 seconds).
5. The process was repeated until the total required thickness 
was achieved (60, 90 or 120mm). Figure 4.11 illustrates the 
filter layers within the apparatus.
6. To dissuade water from flowing along the wall, a thin 
ring of modelling clay was pressed against the wall just 
below the top surface of the final filter layer.
7. To find initial dry density the mass, internal diameter of the 
cylinder and the compacted height of the filter material were 
recorded.
8. To find initial porosity, one litre of water was then poured 
into the cylinder. The volume of voids was determined by 
measuring the height of water level above the filter material. 




cylinder, to give a volume V0. Hence, (1-V0) represents the 
volume of voids within the filter material.
9. A 30mm base layer was then placed above the filter, which 
was not compacted, as the main concern was to erode base 
material and not to affect the filter density.
10. Subsequently, a perforated aluminium foil was placed above 
the base material followed by metal gauze and a layer of river 
stones to protect base.
11. A water diffusion plate was placed below the water inlet.
12. The test apparatus was then sealed and connected to the water 
supply.
13. Initially the outflow valve was closed and water was allowed 
to fill the cylinder and permitted sufficient time for saturation 
of the material.
14. The outflow valve was then opened and the flow rate and the 
turbidity readings were recorded continuously maintaining 
the same pressure throughout.
15. This procedure was carried out for 30 minutes or more until 
the water flow became steady. The same process was 
repeated for each pressure step. The pressure steps or 
increments considered were of 5-10kPa or more according to 
experimental requirements.
16. The base material in the effluent was collected at 30-minute 
intervals. The collected specimens were oven dried and the 
weight was recorded. Figure 4.12 shows the base material 
collected from the effluent at different pressure levels.
17. After completion of the test, the water was allowed to drain 
out completely.
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18. The filter material was then removed in 30mm or 15mm 
layers into the trays to be oven dried. Subsequently, the 
samples were sieved and particle size distribution curves 
plotted for each layer. Figure 4.13 shows a particle size 
distribution curve for a typical test carried out.
Water inlet
Water diffusion 
plate x  O '













Figure 4.11. Layout of filter and base within filter apparatus
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4.4 DISCUSSIONS AND INTERPRETATION OF RESULTS
The results of filtration tests, highlighting their behaviour, observations and 
possible trends are discussed in this section. The analysis carried out to postulate 
a relationship between the filter density (pore size), the filter thickness, 
hydraulic gradient and base-filter particle sizes using experimental results is also 
discussed.
In order to determine the effect of the variables considered, two independent 
series of tests were carried out.
• First, the same filter material was compacted for different time periods to 
postulate what effect it had on the relative density, critical hydraulic gradient 
and the filter thickness for the same base material.
• Second, different filter materials of varying particle sizes were tested at the 
same compaction time for the same base material.
The experimental data sheets and relevant spreadsheet calculations employed in 
creating pore sizes, relative densities, critical hydraulic gradients, effective filter 
thickness, parameters for dimensional analysis and particle size distribution 
curves are included in Appendices B to G.
4.4.1 Filter density (pore size)
In order to estimate the effect of increased compaction time on filter thickness, 
the density and porosity were calculated (Section 4.2). Using the initial porosity 
values the pore size of filter material was calculated by Equation 3.1. These 
initial pore sizes and filter densities were plotted to ascertain the effect of 
compaction time on the filter material. The values of initial filter densities were 
later compared with the densities of filter layers removed from the cylinder after 
testing. These layers contained eroded base particles and comparison between 




Tables 4.4 and 4.5 summarise these initial values obtained from tests carried out 
for filter number 4 and filter numbers 1-5, respectively (also refer to Table 4.3). 
Refer to Appendices B and C for more details.
Table 4.4 Initial properties of filter material (size 2.36-3.35mm) prior to testing
(base material size 212-300pm and D i5b/D85f = 8.7)














DenO 60 4 0 43.3 1283 974.8
Deni 60 4 15 26.6 1451 463.3
Den2 60 4 30 24.6 1473 417.6
Den3 60 4 45 26.6 1500 463.3
Den4 60 4 60 21.6 1486 352.3
Table 4.5 Initial properties of filter material prior to testing




















Testi 1 60 1 60 36.6 1427 1458.2 25.4
Test2 1 60 2 60 35.0 1410 1043.9 20.3
Test3 1 60 3 60 33.3 1412 814.4 17.0
Test4 1 60 4 60 30.0 1412 546.2 12.4
Test5 1 60 5 60 33.3 1408 378.5 6.7
DFB0 2 60 1 60 38.3 1471 1565.8 18.0
DFB1 2 60 2 60 32.7 1349 943.0 14.4
DFB2 2 60 3 60 29.5 1499 681.7 12.1
DFB3 2 60 4 60 21.6 1500 352.3 8.7
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The period of compaction beneath the 9kg surcharge was expected to reduce the 
pore size by gradually packing the filter particles together in a more compact 
manner. The aim of compaction of each 30mm layer was to maintain a 
homogeneous filter system. However, what effect the separate compaction of 
each 30mm layers would have on the density of the total filter length was not 
known. Figure 4.14 indicates that the filter density increased with increased 
compaction effort (from 0 to 45 seconds), and then decreased beyond 45 
seconds. This indicates that there exists a maximum density after which 
compaction time has little or no effect.
Figure 4.14. Filter density -  compaction time relationship
Figure 4.15 indicates the change in pore size of filter relative to time. The 
increase in compaction effort has reduced the pore size within the filter, except 
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this it can be envisaged that the filter density and pore sizes are affected due to 
the breakage of material, with the increase in compaction efforts. Also, with the 
increase in filter density or the decrease in pore size, a greater proportion of base 
soil particles are trapped within the filter.
Figure 4.15. Pore diameter -  compaction time relationship
The series of Tests 1-5 and DBF 0-5 plotted and shown in Figures 4.16(a) and
(b) give an interesting result. Here, five types of filter materials are shown, viz. 
sizes 4.75-6.7 mm, 4.0-4.75mm, 3.35-4.0mm, 2.36-3.35mm and 1.18-2.36mm. 
From Figures 4.16(a) and (b) it can be seen that although the same materials 
compacted for 60 seconds give entirely different densities, the pore sizes were 
similar. It is evident from these results that the pore sizes gave a more consistent 
filter parameter than the filter density. However, filter density has still been used 
in this study as an indicator to find the effective filter thickness, as it is 
impractical to monitor the continuous change in pore size within different 
elements of the filter during laboratory testing.
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Typel: 4.75 - 6.70mm 
Type2: 4.00 - 4.75mm 
Type3: 3.35 - 4.00mm 
Type4: 2.36 - 3.35mm 
Type5: 1.18 - 2.36mm
1300
— ♦—  T est series T ests 1 -5 
-  - Test series DFBO - 4
0.0 2.0 4.0 6.0
Mean Grain size of Filter material (mm)
(a) Filter density vs mean grain size of filter
(b) Filter pore size vs mean grain size of filter 
Figure 4.16. Filter density and pore sizes for different filter material types
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4.4.2 Critical hydraulic gradient
In the process of filtration, base particles were detached and retained at the 
initial zone of base-filter interface forming a self-filtration zone. This formed 
progressively as base particles began to be trapped within the filter. This zone 
remained stable as long as it could withstand the applied pressure, retaining base 
particles without further movement of particles. The gradient which caused this 
self-filtration zone to erode can be defined as the critical hydraulic gradient, 
causing the base soil particles to ‘blow out’. The critical hydraulic gradient was 
identified for each test, as a significant mass outflow of base was evident in the 
effluent. This was reflected by the mass collected (for 30 minutes) at each 
pressure increase and the turbidity reading (FTU). Figure 4.17 shows a typical 
test indicating the hydraulic gradient and turbidity measurements. The filter size 
selected for this test was 2.36-4.75mm while the base particle size was 212- 
300|xm. The computed pore size was 650.15mm [(Indraratna and Radampola, 
2002), also refer to Appendix A.]
Figure 4.17. Typical graph indicating flow rate and turbidity with time for filter size 
2.36-4.75mm and compaction time 15 seconds 
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Figures 4.18(a) and 4.18(b) indicate the mass collected at each pressure gradient 
for different testing conditions. In Figure 4.18(a) it can be seen that when the 
pore size of the filter is small (in this case 546pm), an initial washout of base 
particles was observed at the first pressure increment. But with the formation of 
the self-filtration zone this was considerably reduced, and with the constant 
increase of pressure at a later stage, only the self-filtration zone was disturbed 
causing the base materials to erode. However, with the increase in pore size to 
1458pm (1.46mm), the blow out of particles occurred at the first pressure 
increment without forming a self-filtration zone, as indicated in Figure 4.18(b). 
In this case, the critical hydraulic gradient is considered to occur at the first 
pressure increment itself (also refer to Appendix A).
Figure 4.18(a). Formation of a self-filtration zone -  pore size of filter 546pm
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Figure 4.18 (b). No indication of a self-filtration layer forming -  pore size of 
filter 1.46mm
The values of critical hydraulic gradient were then compared with the theoretical 
values obtained from Equation 3.13. Table 4.6 contains these values obtained 
(Refer to Appendix D for more details).
Table 4.6 Critical hydraulic gradients
T es t
F ilte r  T h ick n ess  
(m m )
E x p erim en ta l C ritica l H y d rau lic  
G rad ien t
T h eo re tica l C ritica l H ydrau lic  
G rad ien t
Di5f/D85b
T e s t l 60 8.33 7.3 25 .4
T est2 60 25 .0 13.72 20.3
T est3 60 25 .0 21 .52 17.0
T est4 60 41 .67 41 .89 12.4
T est5 60 66 .67 70 .04 6.7
DFBO 60 8.33 8.52 18.0
D FB 1 60 16.67 21 .13
14.4
D F B 2 60 41 .67 35 .34
12.1
D F B 3 60 66 .67 76 .73
8.7
* D F B 4 60 *
* 4.7
* T h e  po 
test.
re  d ia m e te r  <  p a rtic le  d ia m ete r  -  hence  the  c ritica l h yd rau lic  g rad ien t w as no t observed  in this
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Figures 4.19(a) and 4.19(b) indicate the comparison of the experimental and 
theoretical values (Equation 3.13) of critical hydraulic gradient against the pore 
size of the filter. The results are in good agreement. The critical hydraulic 
gradients are then plotted against the Di5f/D85b ratio to observe the trends, as 
shown in Figures 4.20(a) and 4.20(b). They indicated a similarity to that of 
Figures 4.19(a) and 4.19(b). It can be concluded that: the critical hydraulic 
gradient is a function of the pore size and it decreases with the increase in 
pore size.
Fig 4.19(a). Critical hydraulic gradient against pore size do for an average base 
particle diameter of 180pm
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Fig 4.19(b). Critical hydraulic gradient against pore size do for an average base 
particle diameter of 250pm
Figure 4.20(a). Critical hydraulic gradient against Disf/Dgsb ratio for an average 
base particle diameter of 180pm
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Figure 4.20(b). Critical hydraulic gradient against Di5f/D85b ratio for an average 
base particle diameter of 250jim
4.4.3 Effective filter thickness
Test series C6.10-C12.120 was carried out to determine the effective filter 
thickness. The filter type 4 (particle size 2.36-3.35mm) with base particle size 
212-300jum was used. To simulate actual operating conditions of a dam, the tests 
were carried out to a maximum hydraulic gradient of 100 as follows:
• For 60mm thick filters, the pressure of 10, 20, 30, 50 and 70 kPa;
• For 90mm thick filters, the pressure of 10, 30, 50, 70, and 90 kPa;
• For 120mm thick filters, pressure of 10, 30, 60, 90 and 120 kPa were 
applied.
Prior to testing, the filter densities were calculated. On completion of each test, 
15mm thick layers were removed and oven dried. As the layer at the interface 
may have contained some non-infiltrated base particles, the layer just below the 




layer was then sieved and the percentage of base material retained was 
calculated. The increase in density of each layer was then estimated according to 
the percentage of base mass present in each layer. Tables 4.7(a), 4.7(b) and 
4.7(c) display the values of filter density obtained for varying depths of 60, 90 
and 120mm thick filters respectively.
Table 4.7(a). Initial and final filter densities for 60mm thick filter
Test Filter Computed Initial Final Density of each layer
Thickness Pore Diameter Density (kg/m3)
(mm) (pm) (kg/m3) L I L2 L3 L4
C6.10 60 463.3 1475 1497 1513 1524 1798
C6.20 60 503.8 1365 1386 1397 1414 2042
C6.30 60 546.2 1375 1383 1392 1410 1894
C6.50 60 503.8 1354 1362 1381 1394 1986
C6.70 60 503.8 1379 1426 1434 1437 1944










Final Density of each layer 
(kg/m3)
L I L2 L3 L4 L5 L6
C9.10 90 463.7 1499 1514 1535 1548 1554 1550 1857
C9.30 90 463.7 1480 1534 1538 1540 1554 1560 1972
C9.50 90 546.5 1484 1490 1499 1503 1517 1528 1980
C9.70 90 518.0 1589 1621 1627 1632 1645 1647 2165















Final Density of each layer 
(kg/m3)
L I L2 L3 L4 L5 L6 L7 L8
C12.10 120 504.3 1533 1533 1533 1533 1533 1536 1543 1559 1899
C12.30 120 525.3 1488 1488 1489 1489 1490 1496 1505 1517 1984
C12.60 120 483.8 1488 1536 1552 1574 1571 1592 1573 1595 1917
C12.90 120 504.3 1481 1493 1501 1516 1524 1540 1538 1546 1952
C12.120 120 504.3 1490 1533 1546 1557 1570 1572 1569 1566 2041
Figures 4.21(a), (b) and (c) illustrate the initial and post filtration density along 
the filter length for Tests C6.10, C9.10 and C12.10 respectively. The sharp 
decrease in density (x-axis) indicates particle retention at that depth (y-axis), 
while a constant density (near vertical sections of the graphs 4.21(a)-(c)) 
suggests that the fine particles continue to move through the filter.
An ideal value for effective filter thickness was determined by fitting a tangent 
curve to the nearly horizontal section of the graph, incorporating the ‘sample 
density’ values (Figure 4.21(c)). In Figure 4.21(c), the tangent and the initial 
density are the same. In the graph, where the nearly horizontal section has 
relatively high discrepancies in subsequent points due to experimental errors, a 
line parallel to the initial filter density was best fitted as shown in Figures 
4.21(a) and (b). The intercept between this line and the sample density line (as 
shown in figures) was considered to be the effective filter thickness.
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3
Filter Density (kg/m )
1400 1600 1800
Figure 4.21(a). Variation of density along the filter length for Test C6.10
3
Filter Density (kg/m )
Figure 4.21(b). Variation of density along the filter length for Test C9.10
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Filter Density (kg/m3)
1400 1600 1800 2000
Figure 4.21(c). Variation of density along the filter length for Test C l2.10
The effective filter thickness for C6.10: about 40mm, for C9.10: about 50mm, 
and for C12.10: about 60mm. Tables 4.8(a-c) summarise the effective filter 
thicknesses based on filter density values. Generally, the effective filter 
thickness increased with increases in applied hydraulic pressures. But, there 
were some discrepancies due to experimental errors and difficulties encountered 
in curve fitting of plots created as evident from Figures 4.21(a) and (b).
Table 4.8(a) Experimental effective filter thickness based on filter density for 
Test series C6.10-70
T es t F ilte r  th ick n ess  (m m ) E x p erim en ta l eff. f ilte r th ickness (m m )








Table 4.8(b) Experimental effective filter thickness based on filter density for 
Test series C 9.10-90






Table 4.8(c) Experimental effective filter thickness based on filter density for 
Test series C 12.10-120
Test Filter thickness (mm) Experimental eff. filter thickness (mm)
C12.10 120 58
C12.30 120 66
Cl 2.60 120 65
C12.90 120 70
C12.120 120 70
Figures 4.21(a-c) all show a high level of base particle retention within the first 
25mm from the base-filter interface, indicating the self-filtration layer of the 
filter system. This can be attributed to the fact that the base and filter materials 
employed in testing were uniform having Cu values almost close to 1 (Filter and 
Base Cu = 1.2).
Figure 4.22 indicates typical particle size distribution (PSD) curves for a typical 
test indicating the degree of base particle infiltration of all layers considered for 
testing. As indicated in the figure, the PSD curve of filter layer 4, nearest to the 
interface, retained the highest amount of base particles. This is not surprising, 
because filtration is predominantly an interface phenomenon.
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Figure 4.22. Particle size distribution curves for all filter layers sharing the 
development of ‘fine tails’
Figure 4.23(a). Enlarged ‘fine tails’ of particle size distribution curves for Test 




For improved clarity enlarged sections of the PSD curves of the ‘fine tails’ are 
presented in Figure 4.23. Figures 4.23(a-c) illustrate these post filtration PSD 
curves for a 60mm thick filter at 10, 20 and 30kPa applied water pressures 
respectively.
A value for effective filter thickness was determined by observing the PSD 
curve least affected by base soil retention at a given pressure level. Here a line is 
plotted along (dashed line) the average base soil particle size. The gaps between 
subsequent PSD curves along this line indicate a comparison between the 
amounts of base particle retention at each level. For example, in Figure 4.23(a) 
the gap between Layer 4-1 and Layer 3 is the highest while the gaps between 
other layers are small. Therefore, the effective filter thickness is considered as 
Layer 4, giving a total length of 15mm below interface. In Figure 4.23(b), the 
highest gap is observed between Layer 3 and Layer 2, the effective thickness 
30mm below interface. Figure 4.23(c) indicates the highest gap is between Layer 
2 and Layer 1, the effective filter thickness 45mm below the interface.
0.01 0.10 L 00 10.00
Sieve size (mm)
Figure 4.23(b). Enlarged ‘fine tails’ of particle size distribution curves for Test 











Figure 4.23(c). Enlarged ‘fine tails’ of particle size distribution curves for Test 
C6.30 at an applied water pressure of 30kPa
The effective filter thicknesses obtained from PSD curves are displayed in 
Tables 4.9(a), (b) and (c) for test series C 6.10-70, C 9.10-90 and C12.10-120 
respectively.
Table 4.9(a). Experimental effective filter thickness based on PSD curves for 
Test series C 6.10-70
T es t F ilte r  th ick n ess  (cm ) E x p erim en ta l eff. filte r  th ickness (m m )








Table 4.9(b). Experimental effective filter thickness based on PSD curves for 
Test series C 9.10-90






Table 4.9(c). Experimental effective filter thickness based on PSD curves for 
Test series C12.10-120
Test Filter thickness (mm) Experimental eff. filter thickness (mm)
C12.10 120 15
C12.30 120 30
Cl 2.60 120 30
C12.90 120 60
C12.120 120 90
All the test results showed that the highest amount of base particles was retained 
within the first 15mm thick layer, from the base-filter interface despite the 
changes in the hydraulic gradient. In fact, this can be regarded as the self 
filtration layer as PSD curves provide a better display of the percentage of 
particle infiltrated into the filter.
Explorations of curves such as those in Figures 4.21(a-c) and 4.23(a-c) provide 
an estimation of the effective filter length and self-filtration zone. Samples may 
best be removed in 10mm thick layers or less as practicable. This enables 
precise analysis of the location of the filtration zone.
A computer program can be developed, to fit a tangent to the nearly vertical 




effective filter thickness. However, at first instant, the PSD curves can be used 
to estimate the self-filtration depth despite changes in the hydraulic gradients.
These experimental observations were then compared with theoretical derivation 
of effective filter thickness. The theoretical effective filter thickness was 
predicted using Equation 3.37. For the base size selected, 2dave.= 500pm. The 
pore diameters were different for each test [Refer Tables 4.7(a), (b) and (c)]. 
Therefore, the average values of pore diameters and porosities were used in 
calculating the coefficient C0 (Equation 3.31a) and the effective filter thickness.
Tables 4.10(a), (b) and (c) tabulate the variables deduced from the experiments 
for the application of Equation 3.37.
Table 4.10(a). Variables deduced from the experiments for 60mm thick filters, 
for Equation 3.37.
Test Ave. do (pm) Ave. C0 (Eqn. 3.31a) Hydraulic Gradient Ave. velocity u (m/sec)
C6.10 504.17 0.283 16.7 0.0043
C6.20 504.17 0.283 33.3 0.0041
C6.30 504.17 0.283 50.0 0.0050
C6.50 504.17 0.283 83.3 0.0055
C6.70 504.17 0.283 116.7 0.0064
Table 4.10(b). Variables deduced from the experiments for 90mm thick filters, 
for Equation 3.37.
Test Ave. d0 (pm) Ave. C0 (Eqn. 3.31a) Hydraulic Gradient Ave. velocity u (m/sec)
C9.10 507.68 0.284 11.1 0.0042
C9.30 507.68 0.284 33.3 0.0076
C9.50 507.68 0.284 55.6 0.0087
C9.70 507.68 0.284 77.8 0.0054




Table 4.10(c). Variables deduced from the experiments for 120mm thick filters, 
for Equation 3.37.
Test Ave. d0 (pm) Ave. C0 (Eqn. 3.31a) Hydraulic Gradient Ave. velocity u (m/sec)
C12.10 504.40 0.283 8.3 0.0038
C12.30 504.40 0.283 25.0 0.0077
Cl 2.60 504.40 0.283 50.0 0.0081
C12.90 504.40 0.283 75.0 0.0074
C12.120 504.40 0.283 100.0 0.0073
Though an increase in velocity was expected with the increase in hydraulic 
gradient, in some cases the velocity decreased [Tables 4.10(a-c)], possibly 
because of the following:
(i) the velocity depended on the arrangement of pore structure within the 
filter; in some cases there may have been isolated channels which 
encouraged flow at faster rates than expected, and
(ii) it was difficult to observe consistent and non-fluctuating flow rate as the 
difference in the applied hydraulic gradients was small (eg. 16.7, 33.3, 
50.0, 83.3 and 116.7 for test series C6.10-70), which did not give any 
substantial corresponding increase in velocities (eg. 0.0043, 0.0041, 





Figure 4.24. Velocity against hydraulic gradient
Table 4.11 tabulates the results of experimental and theoretical effective filter 
thickness. This particular set of experiments has postulated the limitations in 
applying Equation 3.37. The predicted results from Equation 3.37 underestimate 
experimental results. But it can be seen from Figures 4.21(a-c) and 4.23(a-c), 
that most of the base particles were entrapped within the first 15mm thick, Layer
4. Therefore, Equation 3.37 is sufficient to model the initial infiltration depth. 
Further experimental investigation is required to substantiate the validity of this 
theory for a wider range of filter material. The theory is based on the assumption 
that the coating thickness of base particle deposition is constant throughout the 
filter thickness, whereas in reality coating thickness varies along the filter 
thickness; i.e., maximum at the interface and minium at the end of effective filter 
thickness, which is evident from Figures 4.21(a-c) and 4.23(a-c). It is important 
to note that controlling the variables in these filtration tests was very difficult as 
the pore diameters (the most sensitive factor in Equation 3.37) could not be 
maintained at the same size for all tests. Similarly, the actual velocity field may 




the application of Darcy’s Law. With an increase in applied hydraulic gradients 
the velocities would eventually become non-linear.





Based on Filter 
Density




Le (mm)Lrd (mm) L/Lrd Lpsd (mm) L/Lpso
C6.10 60 38 1.6 15 4.0 4.6
C6.20 60 42 1.4 30 2.0 2.1
C6.30 60 43 1.4 45 1.3 2.0
C6.50 60 39 1.5 45 1.3 1.5
C6.70 60 44 1.4 45 1.3 1.5
C9.10 90 50 1.8 75 1.2 1.8
C9.30 90 52 1.7 45 2.0 2.1
C9.50 90 55 1.6 45 2.0 1.6
C9.70 90 57 1.6 30 3.0 1.1
C9.90 90 53 1.7 60 1.5 0.9
C 12.10 120 58 2.1 15 8.0 6.0
C12.30 120 66 1.8 30 4.0 8.7
C12.60 120 65 1.8 30 2.0 4.9
C12.90 120 70 1.7 60 2.0 2.7
C12.120 120 70 1.7 90 1.3 2.0
Note:
Lrd = Effective filter thickness obtained from Filter Density curves 
Lrsd = Effective filter thickness obtained from PSD curves
The above experiment postulates that at least 1.5 times the thicknesses obtained 




This can be further elaborated by the fact that the uncertainties in actual on­
ground situations are greater compared to controlled laboratory experiments. 
Therefore, a safety factor of about 1.5-2.0 can be recommended. For instance, 
given the effective filter length of about 250mm based on these tests [Figures 
4.21(a-c)], in practice, a dam filter of 500mm would be more than adequate 
(conservative) for similar base soil-filter materials. The other obvious factor is to 
provide a higher thickness than actually required to maintain a lower hydraulic 
gradient, this would be the most conservative approach, but it would have 
limitations, as cost-effectiveness is the main parameter, governing all 
engineering designs.
Locke (2001) conducted similar experiments to verify an infiltration model 
(Chapter 2, Section 2.4.4), for three different retention ratios (Di5p/d85B=4, 7 and 
10). This model predicts that mass loss from the base soil occurs almost entirely 
within 50 to 100mm of the filter interface. He observed that the minimum filter 
thickness for effective filtration was 10 times the mean filter particle diameter 
Df.mean- Earlier, Figures 4.21(a-c) showed convincing similarity to this 
observation. In the present case the retention ratio, Disp/dssB, is 12.
Figures 4.25(a-c) show the comparison between the applied hydraulic gradient 
and the effective filter thickness, experimental formulations for filter thickness 
60, 90 and 120mm respectively. These graphs show the inconsistency of the 
results obtained through experiments as well as the limitations of theoretical 
formulations. Generally, experimental results of effective filter thickness 
increase with the increase in hydraulic gradient; though in some cases the 
opposite is noted. The practical implications and judgements in determining 
effective filter thicknesses as well as the non-linear behaviour of flow with the 
increase in hydraulic pressures are responsible for somewhat non-consistent data 
in the graphs. Further experiments are needed to ascertain the reasons for these 
discrepancies and to postulate appropriate modifications and corrective 
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Figure 4.25(a). Comparison of experimental and theoretical results of effective 
filter thickness with applied hydraulic gradient for 60mm thick 
filters
Figure 4.25(b). Comparison of experimental and theoretical results of effective 
filter thickness with applied hydraulic gradient for 90mm thick 
filters
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Figure 4.25(c). Comparison of experimental and theoretical results of effective 
filter thickness with applied hydraulic gradient for 120mm thick 
filters
4.4.4 Relationship between variables
To determine the relationship between the variables -  the filter thickness, its 
pore size, base particle size, and hydraulic gradient, Equation 3.44 is used. The 
experiments carried out for the test series DFB0-DFB4 were used in this 
investigation. For the ratio do/d, the values of Di5f/D85b were used. Figure
4.26(a) shows the relationship between — and LYdo, and Figure 4.26(b) shows
p v
the relationship between — and Dxsf/D^sb for a hydraulic gradient of 8.33
p v
(5 kPa). It is observed that the two relationships become a minimum at a specific 
point, so the tangents to the linear portions of the plots were drawn and the 
corresponding interception points were determined to postulate a relationship 
between the variables. Refer to Appendix F for more details.
93
CHA PTER 4






































where a} = 31033, b} = -722278 and a  = 355,800.
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where a2 = 37984, 62 = -749934 and C2 = 4 x 106.
Figure 4.27 shows the non-linear relationship between L/do and Dis/D&sb, for 
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Dividing Equation 4.4 by Equation 4.5, the expression for the hydraulic gradient 
is obtained as follows:
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Similarly, Equation 4.6 can be written for the critical hydraulic gradient 
conditions, where icr is substituted for i and vcr is substituted for v as below:
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By dividing Equation 4.7 by Equation 4.8, the following relationship is 
postulated:
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Equation 4.12 gives the final relationship obtained between icr and i, and L and 
Le, based on experimental results. This formulation is only valid for the filter 
types and base particle type used in the test series DFB0-DFB4. The constants a, 
b and c would be different for different types of materials. Further experimental 
investigations are recommended for different base particle sizes to postulate 
whether the hydraulic gradient is a second-degree function of L/do and D is/T W  
The dimensional analysis verifies that, the theoretical relationships developed in 





4.5 PARTICLE SIZE DISTRIBUTION
Particle size distribution (PSD) curves give a good representation of the degree 
of base particle infiltration into each of the layers in the filter. The shift of the 
PSD curves with time produced direct information about the retention capacity 
of the filter. As already discussed under section 4.4.3, PSD curves can be used 
as an effective simple tool in determining the capacity of any base-filter 
combination. The development of the ‘fine tails’ of the filter PSD is an excellent 
indicator of the rate and extent of the filter retention capacity.
4.5.1 Analysis of particle size distribution curves
As it is impractical to monitor the continuous change in PSD curves of different 
elements with time during testing, pre-test and post-test PSD curves were 
determined. Upon completion of a test, layers were removed from the test 
cylinder, oven dried and sieved. Figures 4.28 and 4.29 represent the curves for 
tests DFB3 and DFBO respectively. These tests had two 30mm layers of filter 
material (total thickness 60mm). The filter sizes for these two tests were 2.36­
3.35mm (DFB3) and 4.75-6.7mm (DFBO). For both tests, the base material size 
was 212-300 pm.
The PSD curves of test DFB3 (Fig. 4.28) show that layer 2 of the filter was 
subjected to a larger degree of base particle retention than layer 1, as expected. 
This is because layer 2 is closer to the base-filter interface. However, Figure 
4.29 shows the opposite. This is also understandable, as with the increase in 
particle sizes of filter material the pore sizes are increased within a filter. The 
formation of a self-filtration zone is not possible here, as the tests were 
conducted beyond the point of critical hydraulic gradient. Base soil erosion was 
prominent at outflow encouraged by the bigger pore channels within the filter 
(Refer to Appendix G for more details).
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Figure 4.28. Particle size distribution curves of successful filter Test DFB3
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Table 4.12. Results of particle size distribution of Tests DFB3 and DFBO
Test DFB3 Test DFBO
Cumulative Percentage Passing Cumulative Percentage Passing
Filter size (mm) Layer 1 Layer 2 Layer 1 Layer 2
6.75 - - 100.0 100.0
4.75 - - 14.5 7.1
4.0 - - 12.8 7.4
3.35 100.0 100.0 12.4 6.9
2.36 9.2 12.0 12.4 6.8
1.18 8.8 11.8 12.3 6.8
0.6 8.7 11.7 12.3 6.7
0.5 8.7 11.7 12.3 6.7
0.425 8.7 11.7 12.3 6.7
0.3 8.7 11.7 12.3 6.7
0.212 0.5 2.3 0.5 0.4
0.15 0.1 2.0 0.1 0.1
<0.15 0.0 1.9 0.0 0.0
Figure 4.30 illustrates the PSD curve for Test C6.20, a 60mm filter test 
comprising of four 15mm layers of filter material. In this test series, the layer 
nearest to the base-filter interface was removed in two layers, i.e., 10mm and 
5mm thick respectively. As expected, Layer 4 closest to the interface retained 
the largest amount of base soil, and Layer 1 the least. Table 4.13 clearly shows 
these results.
As discussed in Section 4.4.3, for the test series C6.10-70, C9.10-90 and 
C l2.10-120, the PSD curves could also be used to calculate the infiltrated depth
of base particles.
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0.01 0.10 1.00
Sieve size (mm)
F ig u r e  4 .3 0 .  P a r t i c l e  s iz e  d i s t r ib u t io n  c u r v e s  o f  f i l t e r  T e s t  C 6 .2 0
T a b le  4 .1 3 .  R e s u l t s  o f  p a r t i c le  s iz e  d i s t r ib u t io n  o f  T e s t  C 6 .2 0
C um . %  P assing
F ilte r  size  (m m )
L ay e r  1 
(15m m )
L ay e r 2 
(15m m )
L ayer 3 
(15m m )
L ayer 4-1 
(10m m )
L ayer 4-2 
(5m m )
3.35 100.0 100.0 100.0 100.0 100.0
2 .36 10.8 10.2 9.1 10.1 50.9
1.18 2 .0 2.7 3.8 4 .0 49.2
0 .6 1.9 2.7 3.8 3.9 49 .2
0.5 1.9 2.7 3.8 3.9 49.2
0 .425 1.9 2.7 3.8 3.9 49 .2
0.3 1.9 2.7 3.76 3.9 49 .2
0 .2 1 2 0.3 0.2 0.31 0.5 3.0
0 .15 0.1 0.05 0.03 0 .14 0.09





This chapter presented and discussed in depth:
(a) The experimental simulations and the relationships obtained for:
• Filter pore size -  Section 4.4.1;
• Critical hydraulic gradient -  Section 4.4.2;
• The effective filter thickness -  Section 4.4.3;
• Retention capacity of filters relate to PSD curves and relative 
density of filter materials -  Section 4.4.3 and
• Base and filter particle sizes -  Sections 4.4.1,4.4.2 4.4.3,4.4.4 and 
4.5.
(b) Semi-empirical expressions obtained from dimensional analysis -  
Section 4.44.
(c) The effect and reliability of particle size distribution curves on a 
filtration test -  Sections 4.4.3 and 4.5.
A detailed discussion of the experimental results was presented and further 
interpretations were provided with regard to the experimental and theoretical 
. limitations encountered.
It is verified by this study that:
• the effective filter length can be determined using the variation of 
filter density with depth.
• Beyond the Infective, the filter density remains constant, i.e., same 
as the original density.
• Retention of base soil is indicated by an increase in filter density, 
especially close to interface.
• The PSD curves are excellent indicators of filtration effectiveness.
• The effective filter elements (layers) develop ‘fine tails in their 
PSD representing the sizes of base soil retained.
The main findings of this study are discussed and summarized m the following 





5. CONCLUSIONS AND RECOMMENDATIONS
5.1 G EN ERA L
The downstream filter of an embankment dam is considered critical since it is 
subject to continuous seepage exit gradients or unexpected high gradients if the 
core is cracked. To function effectively, the filter should be able to trap any core 
material eroded, while facilitating seepage without the build-up of excessive 
hydraulic pressures. Empirical formulae have been developed in the past, 
limiting the selection of filter material within their grading curves. Despite past 
and present efforts to find an effective filter, uncertainties caused by instabilities, 
differential settlements, internal erosion, poor construction and materials 
selection, hydraulic fracturing and natural disasters still plague all researchers.
The aim of the study was to determine relationships between the filter density, 
effective filter thickness and critical hydraulic gradient. Both theoretical and 
experimental studies were carried out. From the results, it was observed that 
filter pore size was a more fundamental parameter than the filter density in 
modelling filter effectiveness. In this context a theoretical formulation was 
executed to quantify (mathematical) relationships between the critical hydraulic 
gradient and effective filter thickness. To postulate an empirical formula to use 
in conjunction with experimental data, a dimensional analysis was conducted to 
determine empirical constants. The laboratory tests were carried out for non­
cohesive material, and further testing is still recommended for other filter-base 
combinations. The following limitations could have affected the reliability of the 
experimental results.
(a) Unexpected fluctuations in water mains pressures were sometimes 
difficult to control.
(b) The difference in flow rates for two consecutive applied hydraulic 
pressures was often found to be small, affecting the accuracy and 




(c) In some cases, premature base soil erosions were observed for very 
short time periods due to a sudden increase of water-main hydraulic 
pressures.
(d) Turbidity readings were sometimes difficult to monitor as base 
particles sink rapidly to the bottom of the 10ml capacity vial of the 
turbidity meter before the reading was taken.
(e) Excessive compaction can lead to degradation of filter grains in a 
confined apparatus.
(f) In all cases, some base material did not get washed out with the 
effluent; some materials remained on the bottom plate of the 
apparatus.
To overcome these problems an in-line turbidity meter which can observe larger 
particle concentration in suspension and a constant supply of water pressure 
through a pump are recommended. In addition, an in-line flow meter will give 
better results of flow rates. Provision of piezometric head points at different 
levels of the filtration equipment will improve the accuracy of results, as actual 
hydraulic gradients along the filter length can be measured and quantified. 
Similarly, introducing a load-cell-transducer-data acquisition system will 
considerably improve the outcome, as measurements of the flow rates, base soil- 




5.2 SUMMARY OF MAIN FINDINGS
The objective of the study was to find a relationship between the filter thickness, 
hydraulic gradient and the material properties. Two theoretical models were 
developed for critical hydraulic gradient (Equation 3.13) and effective filter 
thickness (Equation 3.37):
(a) Critical hydraulic gradient:
Dimensional analysis was carried out and Equation 4.9 was postulated from 
experimental results presenting a relationship between the effective filter 
thickness, critical hydraulic gradient and filter and base material properties.
Semi-empirical relationship between hydraulic gradient and effective filter 
length:
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Theoretical relationship between icr and Le (Equation 3.40):
(b) Effective filter thickness:
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The model for critical hydraulic gradient was based on the limit-equilibrium of a 
particle within an equivalent pore channel, which is determined as a function of 
porosity and particle size distribution curve. The model for effective filter 
thickness was based on the particle migration using the principles of mass and 
momentum conservation. Also, the change in interstitial velocities within the 
pore channel system due to base particle deposition was considered in this 
model.
CHAPTER 5
_______________________________________  CONCLUSIONS AND RECOMMENDATIONS
5.3 MAIN CONCLUSIONS
1) At the critical hydraulic gradient, the base soil particles will no longer be 
stable and trapped in a filter.
2) There exists an identifiable effective filter thickness within the total filter 
length which traps most of the base particles.
3) Pore size is more appropriate to model the role of hydraulic gradient on the 
effective filter thickness than the filter relative density.
4) The hydraulic gradient is a second order function of filter thickness to pore 
size ratio (L/do) and material particle size ratios (Dis/Dssb)-
5) The ability to retain base particles initially to promote self-filtration is a 
function of the filter porosity or the minimum equivalent pore diameter.
6) High hydraulic gradients may cause turbulent or semi-turbulent flow 
patterns, thus limiting the application of theoretical models based on the 
steady state conditions.
7) The shift of particle size distribution curves with time produces direct 
information about the extent of erosion of base soil and the retention 





The accuracy of any analytical model depends on the assumptions and basic 
concepts considered in that model. In this study, the experimental verification 
addressed the limitations of the theoretical models; the model for critical 
hydraulic gradient (Equation 3.13) demonstrated consistent good results, while 
the effective filter thickness model showed some inconsistencies. Therefore, to 
yield more reliable theories or data in granular filtration design of dams, the 
following recommendations are made:
1) Extension of experimental investigations is recommended by 
extending the filter-base material combinations. The present study 
was limited to uniformly graded materials. Further verification by 
experiments would lead to generalised relationships, especially for 
well-graded and gap-graded material combinations.
2) The improvement to the current theoretical model for effective filter 
thickness can be considered by varying the coating thickness of the 
base particle deposition with time along pore channels.
3) The theoretical developments in this study were based on steady state 
conditions and not on turbulent or semi-turbulent conditions that may 
occur in coarse filter material under high hydraulic gradients. Hence, 
verification of Equation 3.46 by extending the experimental 
investigations, based on dimensional analysis, may be executed.
4) Equation 3.37 can be taken as a guide to predict effective thickness for 
a cohesive base soil, as discussed in the last paragraph of Chapter 4 
(Section 4.4.3). Cohesive material is more liable to deposit as a 
coating or sediment along a pore channel.
5) The critical hydraulic gradient model can be extended by 





6) The effect of particle shapes on the current model can be investigated 
by using different shape factors in the derivation of pore channel size 
of filter.
7) Development of a Finite Element Model using the above formulation 
is viable, based on the governing equations proposed in this study.
In summary, it can be concluded that the effect of hydraulic gradient has a major 
influence on particle movement, which was not well addressed in any past filter 
design. Similarly, the effect of filter thickness necessary to arrest dam failures is 
lacking in past filter design criteria. The main findings of the current study, 
namely the critical hydraulic gradient and the effective filter thickness, 
through rational analytical models offer optimum design criteria, which will 
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Pressure (kPa) Time (min) Turbidity (FTU)
Time to collect 1 lit 
(sec) Flow Rate (lit/min)




0 0 1000 27 2.22 2.22 51.7
2 2 585
5 4 678 17 3.53 3.75 251.5
6 20.55 16 3.75
8 4.6 16 3.75
10 3.59 16 3.75
12 3.21 16 3.75
14 9.12 16 3.75
19 3.12 16 3.75
24 3.36 16 3.75
29 4.07 16 3.75
34 18.3 16 3.75
10 36 48.45 11 5.45 5.45 132.2
38 16.6 11 5.45
40 7.58 11 5.45
42 6.65 11 5.45
44 3.98 11 5.45
46 3.89 11 5.45
51 0.77 11 5.45
56 3.3 11 5.45
61 2.93 11 5.45
66 0.56 11 5.45
15 68 8.53 10 6.00 7.5 63.8
70 4.7 8 7.50
72 4.22 8 7.50
74 2.41 8 7.50
76 8.68 8 7.50
78 10.07 8 7.50
83 3.7 8 7.50
88 5.86 8 7.50
93 1.89 8 7.50
98 0.75 8 7.50
20 100 2.36 7 8.57 8.57 12.9
102 1.71 7 8.57
104 1.4 7 8.57
106 0.72 7 8.57
108 0.72 7 8.57
110 1.27 7 8.57
115 0.78 7 8.57
120 1.15 7 8.57
125 1.72 7 8.57
























0 0 1000 26 2.308 2.3 5.9
2 2 219 23 2.609 2.6
3 4 59 19 3.158 3.5 125.2
6 21.27 17 3.529
8 13.45 17 3.529
10 5.57 17 3.529
12 6.93 17 3.529
14 9.63 17 3.529
19 2.67 17 3.529
24 1.55 17 3.529
29 1.86 17 3.529
34 1.25 17 3.529
5 36 15.79 13 4.615 4.6 62.4
38 1.48 13 4.615
40 2.4 13 4.615
42 3.46 13 4.615
44 0.73 13 4.615
46 0.81 13 4.615
51 1.39 13 4.615
56 1.37 13 4.615
61 1.78 13 4.615
66 0.73 13 4.615
10 68 13.66 10 6.000 6 92.4
70 3.4 10 6.000
72 1.62 10 6.000
74 1.1 10 6.000
76 0.61 10 6.000
78 0.24 10 6.000
83 0.17 10 6.000
88 0.27 10 6.000
93 0.49 10 6.000
98 0 10 6.000
15 100 1.92 8 7.500 7.5 12.6
102 0.24 8 7.500
104 0.45 8 7.500
106 0.43 8 7.500
108 0.5 8 7.500
110 0.8 8 7.500
115 0.21 8 7.500
120 0.47 8 7.500
125 0.62 8 7.500










Pressure (kPa) Time (min) Turbidity (FTU)
Time to collect 1 lit 
(sec) Flow Rate (lit/min)




0 0 1000 37 1.622 1.62 68.6
2 16.64 20 3.000 3
5 4 12.99 19 3.158 4 156.5
6 7.01 15 4.000
8 4.13 15 4.000
10 0.99 15 4.000
12 1.06 15 4.000
14 0.81 15 4.000
19 6.54 15 4.000
24 0.95 15 4.000
29 0.36 15 4.000
34 0.47 15 4.000
10 36 3.17 11 5.455 5.5 16
38 1.54 11 5.455
40 0.95 11 5.455
42 0.52 11 5.455
44 0.88 11 5.455
46 0.62 11 5.455
51 0.54 11 5.455
56 0.4 11 5.455
61 0.35 11 5.455
66 0.26 11 5.455
15 68 17.49 9 6.667 6.7 58.3
70 20.11 9 6.667
72 6.23 9 6.667
74 3.69 9 6.667
76 0.74 9 6.667
78 0.71 9 6.667
83 0.43 9 6.667
88 0.33 9 6.667
93 0.14 9 6.667
98 0.26 9 6.667
20 100 1.37 7 8.571 8.6
4.9
102 1.31 7 8.571
104 0.6 7 8.571
106 0.74 7 8.571
108 1 7 8.571
110 0.49 7 8.571
115 1.04 7 8.571
120 0.83 7 8.571
125 0.36 7 8.571
























0 0 1000 29 2.069 2.1 1.4
5 4 417 17 3.529 3.5 132.5
6 16.35 17 3.529
8 12.2 17 3.529
10 4.04 17 3.529
12 6.91 17 3.529
14 7.14 17 3.529
19 2.55 17 3.529
24 1.22 17 3.529
29 0.66 17 3.529
34 0.56 17 3.529
10 36 30 12 5.000 5 88.3
38 3.22 12 5.000
40 2.78 12 5.000
42 1.41 12 5.000
44 1.01 12 5.000
46 1.03 12 5.000
51 2.37 12 5.000
56 0.84 12 5.000
61 0.77 12 5.000
66 0.86 12 5.000
15 68 5.06 10 6.000 6 57
70 2.71 10 6.000
72 0.71 10 6.000
74 1.23 10 6.000
76 0.61 10 6.000
78 0.6 10 6.000
83 0.96 10 6.000
88 0.81 10 6.000
93 0.72 10 6.000
98 0.37 10 6.000
20 100 2.11 7 8.571 8.6 29.7
102 0.63 7 8.571
104 0.79 7 8.571
106 1.1 7 8.571
108 0.7 7 8.571
110 0.69 7 8.571
115 0.62 7 8.571
120 0.67 7 8.571
125 0.44 7 8.571

















25 132 2.46 7 8.571 8.6 48.6
134 2.54 7 8.571
136 1.63 7 8.571
138 1.5 7 8.571
140 1.64 7 8.571
142 1.24 7 8.571
147 1.36 7 8.571
152 0.9 7 8.571
157 1.27 7 8.571
162 0.76 7 8.571
30 164 0.88 6 10.000 10 9.9
166 1.54 6 10.000
168 2.11 6 10.000
170 1.25 6 10.000
172 1.49 6 10.000
174 1.64 6 10.000
179 2.24 6 10.000
184 1.54 6 10.000
189 1.96 6 10.000
194 0.7 6 10.000
35 196 0.76 6 10.000 10 3.8
198 0.68 6 10.000
200 0.43 6 10.000
202 0.36 6 10.000
204 0.36 6 10.000
206 0.47 6 10.000
211 0.28 6 10.000
216 0.27 6 10.000
221 0.3 6 10.000
226 0.36 6 10.000
40 228 0.33 6 10.000 10 4
230 0.48 6 10.000
232 0.58 6 10.000
234 0.46 6 10.000
236 0.51 6 10.000
238 0.17 6 10.000
243 0.15 6 10.000
248 0.95 6 10.000
253 0.97 6 10.000




0 2-Jan -01  Filter T hickness:
Test5 Com pression Tim e:


























t in  (sec)
Flow Rate 
(lit/min)





0 0 1000 42 1.429 1.4 0.4 30 174 0.56 6.5 9.231
5 4 390 18 3.333 3.5 0.4 179 1.13 6.5 9.231
6 12.34 18 3.333 184 0.13 6.5 9.231
8 12.64 17 3.529 189 1.15 6.5 9.231
10 21.06 17 3.529 194 0.13 6.5 9.231
12 0.76 17 3.529 35 196 0.63 6 10.000 10 7.5
14 0.23 17 3.529 198 0.23 6 10.000
19 0.16 17 3.529 200 0.51 6 10.000
24 1.1 17 3.529 202 0.14 6 10.000
29 0.05 17 3.529 204 0.32 6 10.000
34 0.3 17 3.529 206 0.08 6 10.000
10 36 35.38 11 5.455 5.5 0.1 211 0.67 6 10.000
38 4.68 11 5.455 216 0.2 6 10.000
40 3.98 11 5.455 221 0.21 6 10.000
42 3.74 11 5.455 226 0.1 6 10.000
44 2 12 11 5.455 40 228 0.56 5.5 10.909 10.9 7.7
46 2.43 11 5.455 230 0.17 5.5 10.909
51 1 78 11 5.455 232 0.31 5.5 10.909
56 1.39 11 5.455 234 0.05 5.5 10.909
61 1.5 11 5455 236 0.23 5.5 10.909
66 1.17 11 5.455 238 0.12 5.5 10.909
15 68 12.71 9 6.667 6.7 2.3 241 0.13 5.5 10.909
70 1.34 9 6.667 246 0.52 5.5 10.909
72 1.28 9 6.667 251 0.98 5.5 10.909
74 1.5 9 6.667 256 0.47 5.5 10.909
76 0.67 9 6.667 45 258 1.36 5 12.000 12 6.7
78 1 8 9 6.667 260 1.03 5 12.000
83 0.5 9 6.667 262 1.1 5 12.000
88 0 5 3 9 6.667 264 0.34 5 12.000
93 0.62 9 6.667 266 0.57 5 12.000
98 0.35 9 6.667 268 0.16 5 12.000
20 100 2.77 8 7.500 7.5 3.9 273 0.12 5 12.000
102 1 8 7.500 278 0.14 5 12.000
104 1.26 8 7.500 283 0.13 5 12.000
106 0.09 8 7.500 288 0 5 12.000
108 1.47 8 7.500 50 290 1.02 4.5 13.333 13.3 3.1
110 0.43 8 7.500 292 0.14 4.5 13.333
115 0.57 8 7.500 294 0.03 4.5 13.333
12C 0.52 8 7.500 296 0.18 4.5 13.333
125 0.4 8 7.500 298 0.48 4.5 13.333
13C 0 8 7.500 300 0.37 4.5 13.333
2! 132 0.76 7 8.571 8.6 2.3 305 0.43 4.5 13.333
134 0.2 7 8.571 310 0.32 4.5 13.333
13i 1.05 7 8.571 315 0.31 4.5 13.333
13Í 0.3 7 8.571 320 0.04 4.5 13.333
14( 0.32 7 8.571 60 322 0.73 4.5 13.333 13.3 2.4
142 0.62 7 8.571 324 0.25 4.5 13.333
14' 0.84 7 8.571 326 0.12 4.5 13.333
152 1.17 7 8.571 328 0.31 4.5 13.333
15' 1.07 7 8.571 330 0.61 4.5 13.333
162 O.OC 7 8.571 332 0.31 4.5 13.333
313 16- 0.62 6.5 9.231 9.2 7.2 337 0.15 4.5 13.333
16< 0.8Î 6.5 9.231 342 0.25 4.5 13.333
161 0.24 6.5 9.231 347 0.12 4.5 13.333
17 0.32 6.5 9.231 352 0.07 4.5 13.333
17- 0.62 6.5 9.231
Date 24-Mar-01 Filter thickness (m) 0.06
Test DFBO Compaction Time (sec) 60














0 0 781 51 1.2 1.1 0.1
2 25.39 52 1.1
4 3.17 53 1.1
6 1.35 53 1.1
8 0.87 53 1.1
10 0.83 52 1.1
15 1.17 53 1.1
20 0.45 53 1.1
25 0.60 54 1.1
30 0.55 54 1.1
5 32 143 15 3.9 3.9 231.3
34 11.26 15 4.0
36 3.95 15 4.0
38 8.73 15 4.0
40 2.49 15 3.9
42 1.05 15 3.9
47 0.78 15 3.9
52 2.83 15 3.9
57 0.79 15 4.0
62 0.55 15 3.9
10 64 14.21 11 5.4 5.5 90
66 1.73 11 5.4
68 1.11 11 5.5
70 0.55 11 5.5
72 0.60 11 5.5
74 1.37 11 5.5
79 0.89 11 5.5
84 0.92 11 5.5
89 0.49 11 5.6
94 0.49 11 5.6
15 96 7.41 9 6.6 6.7 81.1
98 1.67 9 6.6
100 0.84 9 6.7
102 0.69 9 6.8
104 0.64 9 6.7
106 1.03 9 6.8
111 0.93 9 6.6
116 1.19 9 6.8
121 0.67 9 6.7
126 0.22 9 6.8
20 128 2.27 8 7.7
7.6 43.8
130 1.12 8 7.6
132 0.82 8 7.5
134 0.53 8 7.5
136 0.57 8 7.6
138 0.67 8 7.5
143 0.34 8 7.6
148 1.23 8 7.6
153 0.78 8 7.6
158 0.47 8 7.7
Date 18-Mar-01 Filter thickness (m) 0.06
Test DFB1 Compaction Time (sec) 60
Fitter 4.00-4.75mm Base 212-300pm
Time to Mass
Pressure Time Turbidity collect 1 lit Flow Rate Ave flow rate collected
(kPa) (min) (FTU) (sec) (lit/min) (lit/min) (9)
0 0 515 51 1.2 1.4 5.8
2 30.09 44 1.4
4 6.21 43 1.4
6 4.95 43 1.4
8 1.74 43 1.4
10 1.36 43 1.4
15 0.89 38 1.6
20 1.16 39 1.6
25 1.07 38 1.6
30 0.41 38 1.6
5 32 126 15 4.1 4.2 84.5
34 3.34 15 4.1
36 1.83 15 4.1
38 0.63 15 4.1
40 0.68 14 4.2
42 1.83 14 4.2
47 0.58 14 4.1
52 0.39 14 4.2
57 0.59 14 4.2
62 0.32 14 4.2
10 64 23.50 10 5.9 5.8 98.1
66 2.35 10 5.7
68 6.93 10 5.8
70 6.21 11 5.7
72 0.83 10 5.9
74 0.95 10 5.9
79 0.65 10 5.9
84 0.92 10 5.7
89 0.86 10 5.9
94 0.57 10 5.9
15 96 7.30 8 7.2 7.1 64.4
98 1.69 9 7.0
100 0.66 8 7.1
102 0.61 9 7.1
104 0.69 8 7.2
106 0.87 9 7.1
111 0.41 8 7.2
116 0.61 8 7.1
121 0.25 9 7.0
126 0.33 8 7.3
Time to Mass
Pressure Time Turbidity collect 1 lit Flow Rate Ave flow rate collected
(kPa) (min) (FTU) (sec) (lit/min) (lit/min) (g)
20 128 1.62 8 7.9 8.0 32.2
130 0.59 8 7.8
132 1.28 8 8.0
134 0.86 8 8.0
136 0.45 8 7.9
138 0.00 7 8.3
143 1.21 8 8.0
148 0.90 7 8.2
153 0.49 7 8.2
158 1.10 7 8.2
25 160 2.07 7 8.9 8.9 34.2
162 1.12 7 9.0
164 0.88 7 8.8
166 0.30 7 9.0
168 0.40 7 9.1
170 0.37 7 9.0
175 0.20 7 8.9
180 0.66 7 8.6
185 0.25 7 8.5
190 0.89 7 8.8
Date 08-Mar-01 Filter thickness (m) 0.06
Test DFB2 Compaction Time (sec) 60

















0 0 651 28 2.2 2.1 0.1
2 16.71 28 2.1
4 3.38 30 2.0
6 1.76 30 2.0
8 1.16 29 2.0
10 1.03 30 2.0
15 0.87 30 2.0
20 0.48 30 2.0
25 0.57 30 2.0
30 0.48 30 2.0
5 32 153 14 4.3 4.2 37
34 5.98 14 4.3
36 1.24 14 4.2
38 0.76 14 4.2
40 1.07 14 4.2
42 0.94 14 4.2
47 1.49 14 4.2
52 0.75 14 4.2
57 3.50 15 4.1
62 0.77 14 4.3
10 64 16.33 11 5.7 5.7 59.6
66 2.40 11 5.7
68 2.26 10 5.8
70 1.07 11 5.7
72 0.97 10 5.7
74 1.08 11 5.6
79 0.70 11 5.8
84 0.85 10 5.7
89 0.97 11 5.9
94 1.21 10 5.9
15 96 10.29 9 6.7 6.6 88.6
98 2.20 9 6.6
100 2.47 9 6.7
102 0.88 9 6.9

















106 0.95 9 6.5
111 1.68 9 6.5
116 0.55 9 6.8
121 0.65 9 6.5
126 0.54 9 6.5
20 128 2.29 8 7.5 7.7 58.9
130 1.27 8 7.6
132 1.06 8 7.6
134 1.22 8 7.8
136 1.29 8 7.8
138 0.22 8 7.9
143 0.43 8 7.6
148 0.59 8 7.6
153 0.49 8 7.8
158 0.54 8 7.6
25 160 1.87 7 8.2 8.5 93.8
162 0.62 7 8.6
164 0.98 7 8.5
166 0.57 7 8.4
168 1.05 7 8.6
170 1.69 7 8.3
175 1.18 7 8.7
180 1.29 7 8.2
185 0.89 7 8.8
190 0.67 7 9.2
30 192 1.94 6 9.4 9.6 42.5
194 1.81 6 9.5
196 0.91 6 9.5
198 0.81 6 10.0
200 0.53 6 9.9
202 0.73 6 9.5
207 0.65 6 9.6
212 0.47 6 9.6
217 0.40 6 9.5
222 0.59 6 9.7
Date 22-Mar-01 Filter thickness (m) 0.06
Test Den4/DFB3 Compaction Time (sec) 60



















0 0 290 76 0.8 0.8 0.0 0
2 14.96 69 0.9
4 3.17 72 0.8
6 1.52 76 0.8
8 0.89 78 0.8
10 0.57 80 0.8
15 0.50 82 0.7
20 0.54 87 0.7
25 0.53 90 0.7
30 0.44 89 0.7
5 32 77 21 2.9 3.0 2.2 0.1
34 4.51 20 2.9
36 1.13 21 2.9
38 0.68 21 2.9
40 0.45 20 2.9
42 0.49 21 2.9
47 0.39 20 3.1
52 0.47 20 3.1
57 0.38 20 3.0
62 0.27 20 3.1
10 64 18.36 13 4.5 4.6 1.6 0
66 2.58 13 4.5
68 0.70 13 4.6
70 0.62 13 4.6
72 0.64 13 4.6
74 0.62 13 4.5
79 1.09 13 4.6
84 0.76 13 4.6
89 0.62 13 4.6
94 0.83 13 4.6
15 96 17.44 10 5.7 5.8 1.3 0.1
98 2.40 10 5.8
100 1.62 10 5.9
102 1.30 10 5.8
104 1.20 10 5.9
106 1.00 10 5.8
111 1.23 10 5.9
116 0.90 10 5.8
121 1.00 10 5.7
126 0.75 10 5.8
20 128 5.25 9 6.6 6.7 0.9 19.7
130 1.54 9 6.9
132 1.19 9 6.6
134 0.97 9 6.8
136 0.77 9 6.8
138 0.43 9 6.5
143 1.39 9 6.6
148 1.44 9 6.7
153 0.91 9 6.9
158 0.73 9 6.6
25 160 3.04 8 7.5 7.6 0.9 25.9
162 1.01 7 8.1
164 0.97 8 7.6
166 0.85 8 7.4
168 0.63 8 7.7
170 1.44 8 7.6
175 0.73 8 7.7
180 0.57 8 7.2
185 0.72 8 7.4



















30 192 5.28 7 8.3 8.2 0.7 -14 1
194 0.80 7 8.2
196 1.57 7 8.2
198 0.80 7 8.3
200 0.95 7 8.4
202 0.00 7 8.4
207 1.13 7 8.1
212 0.41 7 8.0
217 0.92 7 8.1
222 0.88 7 8.6
35 224 0.97 6 9.4 9.1 0.8 16.5
226 0.64 7 9.0
228 0.61 7 9.0
230 0.81 7 9.0
232 1.52 6 9.3
234 0.53 6 9.4
239 0.71 7 9.0
244 0.72 7 8.8
249 1.23 7 8.8
254 1.03 7 9.1
40 256 1.20 6 10.1 10.0 0.9 37.6
258 0.99 6 10.1
260 0.86 6 10.1
262 0.84 6 10.4
264 0.64 6 10.0
266 0.31 6 9.6
271 0.77 6 9.8
276 0.81 6 10.0
281 0.50 6 9.9
286 0.57 6 10.0
45 288 0.55 6 10.4 10.5 0.5 9.7
290 0.44 6 10.2
292 1.23 6 10.4
294 1.06 6 10.3
296 0.31 6 10.5
298 1.33 6 10.8
303 0.53 6 10.7
308 1.61 6 10.5
313 0.27 6 10.7
318 0.72 6 10.7
50 320 0.49 5 11.4 10.9 0.4 21.9
322 0.54 5 11.0
324 0.34 5 11.0
326 0.61 5 11.0
328 0.19 5 11.1
330 1.22 5 11.2
335 0.68 6 10.8
340 1.13 6 10.6
345 0.16 6 10.4
350 0.50 6 10.8
55 352 0.41 5 11.9 11.5 0.6 25
354 0.99 5 11.4
356 0.89 5 11.1
358 0.42 5 11.5
360 0.42 5 11.6
362 0.60 5 11.6
367 0.47 5 11.6
372 0.52 5 11.5
377 1.09 5 11.7
382 0.18 5 11.6
Date 28-Mar-01 Filter thickness (m) 0.06
Test DFB4 Compaction Time (sec) 60

































0 0 262 80 0.7 0.7 0.2 25 160 1.02 13 4.6 4.6 0
2 9.38 83 0.7 162 1.61 13 4.6
4 2.70 87 0.7 164 0.85 13 4.5
6 2.04 85 0.7 166 1.38 13 4.5
8 1.47 83 0.7 168 1.19 13 4.6
10 0.99 83 0.7 170 0.82 13 4.6
15 1.01 79 0.8 175 1.73 13 4.6
20 0.89 77 0.8 180 0.96 13 4.5
25 1.40 76 0.8 185 1.18 13 4.6
30 1.70 77 0.8 190 0.91 13 5.2
5 32 152 38 1.6 1.7 0 30 192 1.69 12 5.2 5.1 0
34 8.01 38 1.6 194 0.95 12 5.0
36 1.92 39 1.5 196 1.31 12 5.1
38 0.90 39 1.5 198 1.64 12 5.1
40 1.79 39 1.5 200 1.36 12 5.0
42 0.59 39 1.5 202 1.35 12 5.2
47 0.59 38 1.6 207 0.89 12 5.2
52 0.30 38 1.6 212 0.85 12 5.2
57 0.29 39 1.5 217 1.36 12 5.0
62 1.12 39 2.5 222 0.84 12 5.0
10 64 20.75 24 2.6 2.8 0 35 224 0.82 11 5.4 5.5 0
66 3.36 23 2.6 226 1.18 11 5.5
68 1.91 23 2.7 228 0.73 11 5.6
70 2.08 23 2.7 230 0.64 11 5.5
72 0.69 23 2.6 232 0.61 11 5.5
74 0.87 22 2.6 234 0.69 11 5.4
79 0.77 23 2.6 239 0.63 11 5.5
84 1.55 23 2.6 244 0.57 11 5.4
89 1.21 23 3.4 249 0.79 11 5.5
94 1.25 23 3.4 254 0.75 11 5.4
15 96 7.97 18 3.4 3.4 0 40 256 0.71 10 5.9 5.7 0
98 4.24 18 3.4 258 0.74 10 5.9
100 2.72 18 3.4 260 0.74 10 5.7
102 2.52 17 3.5 262 0.65 11 5.6
104 2.79 17 3.5 264 0.77 10 5.8
106 2.04 18 3.4 266 1.02 10 5.7
111 1.35 17 3.5 271 0.72 11 5.7
116 1.03 17 3.5 276 0.94 11 5.7
121 0.82 18 3.4 281 0.62 11 5.5
126 1.05 17 3.5 286 1.14 10 5.7
20 128 3.12 15 4.0 4.1 0 45 288 1.21 10 5.9 6.0 0
130 1.45 15 4.1 290 1.02 10 6.1
132 1.14 15 4.1 292 1.13 10 6.0
134 0.87 15 4.0 294 0.80 10 6.1
136 0.76 15 3.9 296 1.59 10 5.9
138 1.48 15 4.0 298 0.69 10 6.0
143 1.09 15 4.1 303 1.28 10
5.9
148 1.24 15 4.1 308 0.97 10
5.9
153 0.93 15 4.1 313 1.02 10
5.9
158 0.96 14 4.2 318 0.77
10 6.0
Date 28-Mar-Ol Filter thickness (m) 0.06
Test DFB4 Compaction Time (sec) 60

















50 320 0.88 9 6.4 6.4 0
322 1.31 9 6.5
324 0.34 9 6.3
326 1.42 9 6.4
328 0.91 9 6.5
330 0.72 9 6.3
335 0.69 9 6.6
340 0.10 9 6.4
345 1.01 9 6.3
350 0.96 9 6.4
55 352 1.05 9 6.6 6.8 0
354 0.86 9 6.8
356 5.24 9 6.8
358 2.77 9 6.8
360 0.75 9 6.9
362 1.40 9 7.1
367 0.25 9 6.8
372 1.12 9 6.8
377 0.42 9 6.8
382 0.32 9 6.8
60 384 0.63 8 7.1 7.2 0
386 0.69 8 7.3
388 1.28 8 7.4
390 1.11 8 7.4
392 1.37 8 7.2
394 1.21 9 7.1
399 0.35 8 7.2
404 0.68 8 7.3
409 1.55 9 7.1
414 1.37 8 7.4
65 416 1.41 8 7.4 7.6 0
418 1.13 8 7.5
420 1.25 8 7.6
422 1.18 8 7.6
424 0.67 8 7.6
426 1.03 8 7.6
431 0.99 8 7.4
436 1.00 8 7.6
441 1.06 8 7.7
446 1.06 8 7.7
70 448 1.08 8 7.9 8.0 0
450 1.57 8 7.8
452 1.03 8 7.8
454 1.12 8 7.8
456 1.04 8 7.9
458 1.02 7 8.2
463 0.09 8 8.0
468 0.91 7 8.2
473 1.32 7 8.0
478 0.99 7 8.1
75 480 1.57 7 8.0 8.3 0
482 1.21 7 8.1
484 0.70 7 8.3
486 0.52 7 8.1
488 0.71 7 8.2
490 1.34 7 8.2
495 1.32 7 8.4
500 0.40 7 8.3
505 1.20 7 8.6
510 1.08 7 8.2
Date 27-Mar-0l Filter thickness (m) 0.06
Test DenO Compaction Time (sec) 0

















0 0 279 51 1.2 1.2 0.1
2 20.04 52 1.2
4 3.62 52 1.2
6 1.83 52 1.2
8 1.90 52 1.2
10 1.00 51 1.2
15 0.96 51 1.2
20 0.64 51 1.2
25 0.67 52 1.2
30 0.50 52 1.2
5 32 20.39 21 2.8 2.8 0
34 2.22 21 2.8
36 0.97 21 2.8
38 0.56 21 2.8
40 0.74 21 2.8
42 0.82 21 2.8
47 0.66 22 2.8
52 0.85 22 2.8
57 0.75 21 2.8
62 0.65 22 2.8
10 64 11.89 13 4.6 4.6 0.1
66 1.95 13 4.5
68 1.86 13 4.5
70 1.56 13 4.5
72 1.06 13 4.5
74 1.18 13 4.5
79 1.58 13 4.5
84 1.28 13 4.5
89 1.39 13 4.8
94 1.17 13 4.6
15 96 11.12 11 5.7 5.8 30.4
98 1.63 10 6.0
100 4.44 10 5.9
102 1.21 10 5.9
104 0.92 10 5.8
106 0.66 10 5.9
111 0.98 10 5.8
116 0.73 10 5.8
121 0.71 10 5.9
126 0.49 10 5.9
20 128 35.60 9 6.9 6.8 8 7  5
130 1.70 9 6.9
132 1.02 9 6.8
134 1.26 9 6.7
136 1.11 9 6.9
138 1.11 9 6.9
143 0.69 9 6.8
148 0.16 9 6.8
153 0.68 9 6.8
158 0.84 9 6.9
25 160 1.15 8 7.6 7.5 20.9
162 1.46 8 7.6
164 1.53 8 7.4
166 0.74 8 7.6

















25 170 1.42 8 7.4
175 0.73 8 7.4
180 0.83 8 7.5
185 0.77 8 7.6
190 0.73 8 7.4
30 192 0.99 7 8.5 8.5 38.7
194 0.86 7 8.6
196 0.87 7 8.4
198 0.99 7 8.7
200 0.53 7 8.5
202 0.47 7 8.5
207 0.60 7 8.5
212 0.68 7 8.6
217 0.64 7 8.8
222 0.67 7 8.4
35 224 0.89 6 9.5 9.2 30.6
226 1.31 6 9.3
228 1.83 7 9.2
230 1.00 7 9.2
232 0.75 7 9.1
234 0.59 7 9.0
239 0.70 7 9.0
244 0.96 7 9.1
249 0.98 7 9.2
254 0.57 6 9.3
40 256 2.40 6 10.4 10.2 83.1
258 1.15 6 10.2
260 0.45 6 10.0
262 1.10 6 10.1
264 1.84 6 10.4
266 2.28 6 10.3
271 1.66 6 10.1
276 0.03 6 10.0
281 0.50 6 10.3
286 0.29 6 9.9
45 288 2.53 6 10.9 10.8 91.4
290 0.61 6 10.9
292 0.55 6 10.8
294 1.22 6 10.8
296 0.35 6 10.6
298 0.61 5 11.2
303 0.86 6 10.5
308 0.97 6 10.7
313 0.75 6 10.8
318 0.80 6 10.8
50 320 0.78 5 11.2 11.4 51.9
322 1.32 5 11.4
324 0.91 5 11.5
326 1.64 5 11.4
328 0.51 5 11.4
330 0.38 5 11.5
335 0.27 5 11.6
340 0.44 5 11.2
345 0.87 5 11.0
350 0.42 5 11.2
Date 04-M ar-01 F ilte r th ic k n e s s  (m ) 0 .0 6
Test D e n i C o m p a c tio n  T im e  (sec) 15





T u rb id ity
(FT U )
T im e  to  
c o lle c t 1 lit 
(sec)
F low  R ate  
(lit/m in )
A ve  flo w  ra te  
(lit/m in )
M a ss






T u rb id ity
(FT U )
T im e  to  
c o lle c t 1 lit 
(sec)
F low  R ate  
(lit/m in)
A ve  flo w  rate 
(lit/m in)
M ass
co lle c ted
(g)
0 0 791 39 1.5 •  1.4 0 20 148 0 .67 8 7.1
2 2 7 .0 3 42 1.4 153 0.16 8 7.2
4 4 .7 7 42 1.4 158 0.76 8 7.1
6 2 .3 9 43 1.4 25 160 1.13 8 7.9 8.1 22.8
8 1.29 43 1.4 162 0.41 8 7 .7
10 1.22 43 1.4 164 0.62 8 8 .0
15 0.81 43 1.4 166 0.11 7 8.4
20 0 .9 7 43 1.4 168 0 .43 7 8.0
25 0 .5 7 43 1.4 170 0.52 7 8.2
30 0.41 43 1.4 175 0.66 7 8.1
5 32 9 9 .0 0 17 3 .6 3 .7 0.1 180 1.41 7 8.1
34 9.11 17 3.5 185 0 .67 7 8.1
36 1.66 17 3 .6 190 0.85 7 8.1
38 0 .76 16 3 .8 30 192 13.60 7 8.8 9.0 80.7
40 0 .56 16 3 .7 194 1.31 7 9.0
42 0 .3 6 16 3 .7 196 1.27 7 8.9
47 0 .3 4 17 3.6 198 0.46 7 8.8
52 0 .2 8 16 3 .6 2 00 0.92 7 9 .0
57 0 .4 0 16 3 .8 202 0.71 7 9 .0
62 0 .5 3 16 3.8 207 1.30 7 9 .0
10 64 2 3 .3 7 12 5.2 5.1 12.3 212 0 .66 7 9.1
66 2 .1 7 12 5.1 2 17 0.54 7 8.9
68 1.34 12 5.2 222 0.44 7 9.2
70 0 .9 0 12 5.1 35 224 0 .90 6 9.8 9.7 73.1
72 0 .7 7 12 5.2 2 26 0 .63 6 9 .7
74 0 .6 9 12 5.2 228 0 .7 3 6 9.6
79 1.00 12 5.2 2 30 1.32 6 9 .7
84 1.22 12 5.1 232 0 .60 6 10.0
89 0 .9 3 12 5.1 234 0 .63 6 9.6
94 0 .7 8 12 5.1 239 0 .48 6 9.6
15 96 5 .8 8 10 6.2 6.2 29.2 244 1.23 6 9.7
98 1.39 10 6.2 249 0 .57 6 9.7
100 0 .5 8 9 6 .4 254 0 .27 6 9.5
102 0 .8 8 10 6 .3 40 256 0.72 6 10.1 10.2 7 7.3
104 1.10 10 6 .3 258 1.28 6 10.1
106 0.71 10 6.2 2 60 0 .6 0 6 10.2
111 0 .8 5 10 6.2 262 0.54 6 10.5
116 0 .7 7 10 6 .3 264 0.41 6 10.0
121 1.03 10 6.1 266 0.51 6 10.1
126 0 .3 9 10 6.2 271 1.07 6 10.3
20 128 1.51 8 7.2 7.1 25.2 276 0.62 6
10.2
130 1 .20 8 7.1 281 0.91 6
10.1
132 0 .5 8 9 7 .0 286 0.90 6
10.3
134 0 .3 5 8 7.1
136 0 .4 4 8 7.1
138 0 .3 8 9 7 .0




11-Mar-01 Filter thickness (m) 0.06


































0 0 525 31 1.9 1.9 0.1 25 170 0.31 8 8.0
2 22.67 31 2.0 175 0.55 8 7.9
4 4.51 32 1.9 180 0.25 7 8.0
6 1.75 32 1.9 185 0.28 8 8.0
8 1.17 32 1.9 190 0.22 8 8.0
10 0.98 32 1.9 30 192 1.39 7 8.4 8.8 41.6
15 0.52 32 1.9 194 0.98 7 8.8
20 0.65 32 1.9 196 0.59 7 8.9
25 0.51 32 1.9 198 0.68 7 8.8
30 0.40 32 1.9 200 0.48 7 8.8
5 32 66.00 16 3.7 3.7 0.1 202 0.50 7 8.8
34 8.95 16 3.7 207 0.21 7 8.8
36 1.55 16 3.7 212 0.71 7 8.8
38 1.13 16 3.7 217 0.51 7 8.8
40 0.73 16 3.6 222 0.55 7 8.8
42 0.63 16 3.7 35 224 0.66 6 9.4 9.4 49.4
47 0.44 16 3.7 226 0.37 6 9.4
52 0.36 16 3.7 228 0.58 6 9.6
57 0.42 16 3.7 230 0.37 6 9.4
62 0.39 16 3.7 232 0.31 6 9.4
10 64 11.91 12 5.0 5.3 2.8 234 0.25 6 9.3
66 2.54 11 5.4 239 0.23 6 9.6
68 1.21 11 5.3 244 0.24 6 9.4
70 1.46 11 5.4 249 0.11 6 9.4
72 1.19 11 5.3 254 0.22 7 9.2
74 1.38 11 5.3 40 256 1.36 6 10.2 10.4 52.4
79 1.56 11 5.3 258 0.60 6 10.2
84 0.96 11 5.3 260 0.73 6 10.2
89 1.13 11 5.3 262 0.62 6 10.1
94 1.93 11 5.2 264 0.77 5 11.0
15 96 4.18 9 6.3 6.3 18.6 266 0.46 6 10.8
98 1.41 10 6.3 271 0.33 6 10.4
100 0.82 10 6.3 276 0.35 6 10.4
102 0.55 9 6.4 281 0.85 6 10.2
104 0.69 10 6.3 286 0.24 6 10.5
106 0.58 9 6.5 45 288 14.89 5 11.2 10.7 148.7
111 0.63 9 6.3 290 1.14 5 11.2
116 0.49 9 6.4 292 0.59 6 10.6
121 0.83 10 6.2 294 0.73 6 10.5
126 0.64 9 6.4 296 0.83 6 10.3
20 128 7.84 8 7.4 7.3 42.9 298 0.57 6 10.6
130 1.34 8 7.2 303 0.48 6 10.8
132 0.72 8 7.4 308 0.30 6 10.7
134 0.53 8 7.3 313 0.51 6 10.4
136 0.40 8 7.2 318 0.23 6
10.4
138 0.79 8 7.2 50 320 0.57 6
10.4 10.8 3.6
143 0.33 8 7.2 322 0.16 5
11.0
148 0.49 8 7.3 324 0.13
6 10.8
153 0.35 8 7.2 326 0.17
5 11.2
158 0.64 8 7.2 328 0.51
6 10.3
25 160 1.26 8 7.9 8.0 43.6 330 0.91
5 11.0
162 2.36 8 8.0 335
0.00 6 10.4
164 0.69 7 8.2 340
0.29 5 11.2
345 0.60 6 10.7
166 0.81 7 8.1





26-M ar-01  F ilte r th ic k n e s s  (m ) 0 .06
D en3  C o m p a c tio n  T im e  (se c) 45





T u rb id ity
(F T U )
T im e  to  
c o lle c t 1 lit 
(sec)
F lo w  R ate  
(lit/m in )
A ve  flo w  rate 
(lit/m in )
M a ss






T u rb id ity
(FTU)
T im e  to  
co lle c t 1 lit 
(sec)
F low  R ate  
(lit/m in)





0 0 195 38 1.6 1.5 0 170 0 .70 8 7.4
2 12.40 39 1.5 175 0.85 8 7.5
4 4 .19 39 1.5 180 0.74 8 7.4
6 1.80 39 1.5 185 0.71 8 7.6
8 1.29 39 1.5 190 0.65 8 7.6
10 0 .98 38 1.6 30 192 1.84 7 8.6 8.4 25.3
15 5 .4 4 38 1.6 194 0 .98 7 8.6
20 0 .85 38 1.6 196 0 .70 7 8.3
25 0 .6 4 38 1.6 198 0.94 7 8.5
30 0 .4 2 39 1.5 2 00 0.64 7 8.3
5 32 2 8 .6 8 21 2 .9 3.1 0.1 202 0.84 7 8.5
34 6 .5 6 19 3.1 207 0.81 7 8.2
36 1.05 20 3.1 212 0 .67 7 8.4
38 0 .3 6 19 3.1 217 0.72 7 8.4
40 0 .0 3 20 3.1 222 0.82 7 8.6
42 0 .3 6 20 3.1 35 224 8.90 6 9 .3 9.2 97.2
47 0 .2 7 20 3.1 226 0 .98 7 9 .0
52 0 .4 7 19 3.2 228 0 .86 7 9.2
57 0 .45 19 3.2 230 1.45 7 9.0
62 0 .4 5 19 3.2 232 1.17 6 9 .3
10 64 3 .6 3 13 4 .7 4.6 0 234 1.56 6 9.5
66 1.49 13 4 .6 239 1.43 7 9.1
68 1.09 13 4 .6 244 1.06 7 9.1
70 0 .8 6 13 4.6 249 1.03 7 9.2
72 0 .6 9 13 4 .6 254 0 .53 7 9.1
74 1.11 13 4.6 40 256 2.92 6 9.6 9.9 68.9
79 1.12 13 4 .6 258 0.94 6 10.0
84 1.25 13 4 .6 260 0.74 6 9.9
89 1.19 13 4 .6 262 0 .87 6 9.7
94 0 .4 4 13 4 .7 264 1.23 6 10.0
15 96 2 .7 7 10 5.8 5.7 0.1 266 0 .69 6 9.9
98 0 .6 9 11 5 .7 271 0 .36 6 10.0
100 1.83 11 5 .7 276 0 .96 6 10.1
102 1 .00 10 5 .8 281 0 .96 6 9.9
104 1.37 11 5 .6 286 0 .47 6 9.6
106 0 .8 7 11 5 .7 45 288 0.61 6 10.2 10.6 23.6
111 0 .7 9 10 5 .7 290 0.66 6 10.5
116 0 .8 6 10 5 .7 292 0 .97 6 10.7
121 0 .7 3 10 5 .8 294 1.03 6 10.5
126 0 .4 6 10 5 .8 296 0 .23 6
10.6
20 128 5 .0 6 9 6.8 6 .7 2.5 298 0.43 5
11.2
130 1.58 9 6.8 303
0.94 6 10.5
132 1.05 9 6.9 308 1.20
6 10.5
134 0 .9 8 9 6 .7 313
1.25 6 10.5
136 0 .5 7 9 6.8 318
0 .43 6 10.6
138 0 .5 8 9 6.6 50
320 1.03 5 11.0 11.2 10.1
143 0 .5 7 9 6 .6
322 0.42 5 11.4
148 0 .7 7 9 6 .7
324 0.81 5 11.4
153 0 .6 4 9 6 .7
326 0.38 5 11.1
158 0 .7 8 9 6.8
328 0.72 6 10.9
25 160 1.92 8 7.8 7.6 13.3
330 0.32 5 11.1
335 0.27 6 10.9
162 0 .8 5 8 7.6
340 0.58 5 11.7
164 1.01 8 7.5
345 0 .33 6 10.8
166 0 .7 6 8 7 .7
168 0.71 8 7 .7



































0 0 211 112 0.27 30 190 55 14 2.14
10 4 1000 31 0.97 191 13.57 14 2.14
5 28.92 31 0.97 192 6.77 14 2.14
6 131 30 1.00 193 7.01 14 2.14
7 65 31 0.97 194 7.68 14 2.14
8 19.3 30 1.00 195 7.01 14 2.14
9 16.6 30 1.00 196 3.81 14 2.14
10 19.66 30 1.00 198 8.88 14 2.14
15 86 30 1.00 200 7.13 14 2.14
20 66 31 0.97 205 4.35 14 2.14
25 14.15 31 0.97 210 7.73 14 2.14
30 5.97 31 0.97 215 5.99 14 2.14
35 12.7 33 0.91 220 5.52 14 2.14
40 4.64 33 0.91 225 2.92 14 2.14
45 2.79 34 0.88 230 2.48 14 2.14
50 3.85 34 0.88 235 4.9 14 2.14
55 7.3 35 0.86 240 2.76 14 2.14
60 6.24 35 0.86 245 1.96 14 2.14
65 12.41 37 0.81 250 0.26 14 2.14
70 94 36 0.83 40 250 15.26 12 2.50
75 25.59 30 1.00 251 4.79 12 2.50
80 4.05 30 1.00 252 13.65 12 2.50
85 6.96 30 1.00 253 4.86 12 2.50
90 4.1 30 1.00 254 2.95 12 2.50
95 4.27 30 1.00 255 1.71 12 2.50
100 15.02 30 1.00 256 1.84 12 2.50
105 9.73 30 1.00 258 5.57 12 2.50
110 5.75 30 1.00 260 0.78 12 2.50
115 4.06 30 1.00 265 1.3 12 2.50
120 5.03 30 1.00 270 2.83 12 2.50
125 9.93 30 1.00 275 0 12 2.50
130 5.52 30 1.00 280 0 12 2.50
20 130 272 18 1.67 285 0.06 12 2.50
131 123 18 1.67 290 0 12 2.50
132 17.1 18 1.67 295 0 12 2.50
133 16.21 18 1.67 300 0.21 12 2.50
134 10.21 18 1.67 305 0.45 12 2.50
135 6.27 18 1.67 310 1.75 12 2.50
136 7.7 18 1.67
138 50 18 1.67
140 20.51 18 1.67
145 7.03 18 1.67
150 10.01 18 1.67
155 6.81 18 1.67
160 5.51 18 1.67
165 4.07 18 1.67
170 3.87 18 1.67
175 5.13 18 1.67
180 4.06 18 1.67
185 4.2 18 1.67

























10 0 4.29 190 14
2 4.21 32 14.25
4 4.11 11.82 14.59
6 4.26 8.82 14.1
8 4.40 1.79 13.65
10 4.33 1.48 13.87
15 4.42 2.82 13.56
20 4.59 0.86 13.06
25 4.86 0.89 12.34
30 4.82 0.8 12.44 0.6
35 4.86 0.76 12.34
40 5.03 0.77 11.94
45 4.86 0.62 12.34
50 4.92 0.53 12.19
55 4.92 0.48 12.19
60 4.90 0.58 12.25 0.6
65 4.86 0.84 12.34
70 5.01 0.53 11.97
75 4.98 0.74 . 12.06
80 4.99 1.13 12.03
85 4.95 0.41 12.13
90 4.92 0.33 12.19 0.5
95 5.00 0.37 12
100 5.00 0.51 12
105 4.90 0.42 12.25
110 4.96 0.46 12.09
115 4.87 0.36 12.32
120 4.89 0.46 12.28 0.3
125 5.00 0.38 12
130 5.04 0.51 11.91
135 5.03 0.52 11.94
140 5.03 0.42 11.94
145 5.02 0.43 11.95
150 5.01 0.57 11.97 0.1
155 5.01 0.57 11.97
160 5.00 0.38 12
165 5.05 0.73 11.88
170 5.00 0.34 12
175 5.07 0.6 11.84
180 5.00 0.36 12 0.3
185 5.04 0.32 11.9
190 5.01 0.28 11.97
195 5.09 0.38 11.78
200 5.00 0.43 12
205 5.06 0.43 11.85
210 5.05 0.36 11.88 0.2
215 5.03 0.47 11.94
220 4.93 0.46 12.16
225 5.03 0.3 11.93
230 5.09 0.43 11.78
235 5.04 0.31 11.9

























20 0 4.62 6.24 13
2 4.62 6.04 13
4 4.72 6.22 12.7
6 4.62 3.16 13
8 4.62 1.43 13
10 4.80 1.74 12.5
15 4.65 1.10 12.9
20 4.65 0.93 12.9
25 4.69 0.89 12.8
30 4.65 0.68 12.9 0.3
35 4.76 0.77 12.6
40 4.65 0.70 12.9
45 4.69 0.62 12.8
50 4.65 0.49 12.9
55 4.62 0.59 13
60 4.65 0.57 12.9 0.2
65 4.62 1.02 13
70 4.55 0.53 13.2
75 4.62 0.48 13
80 4.65 0.38 12.9
85 4.65 0.32 12.9
90 4.65 1.19 12.9 0.1
95 4.72 0.60 12.7
100 4.65 0.38 12.9
105 4.62 0.37 13
110 4.62 0.37 13
115 4.62 0.28 13
120 4.65 0.38 12.9 0.1
125 4.62 0.45 13
130 4.55 0.36 13.2
135 4.62 0.75 13
140 4.55 0.37 13.2
145 4.62 0.43 13
150 4.62 0.66 13 0
155 4.62 0.68 13
160 4.62 1.06 13
165 4.62 0.43 13
170 4.62 0.18 13
175 4.55 1.49 13.2
180 4.62 0.22 13 2.3
185 4.62 0.93 13
190 4.62 1.04 13
195 4.62 0.43 13
200 4.62 0.34 13
205 4.62 0.54 13
210 4.62 0.35 13 0.8
215 4.62 0.61 13
220 4.62 0.15 13
225 4.62 0.55 13
230 4.65 0.52 12.9
235 4.62 0.48 13













PRESSURE TIME FLOWRATE TURBIDITY TIME for 1 L MASS
(kPa) (mins) (L/min) (FTU) (sec) (g)
30 0 5.50 4 10.9
2 5.45 2.77 11
4 5.45 2.11 11
6 5.45 2.04 11
8 5.45 1.70 11
10 5.50 1.67 10.9
15 5.45 1.11 11
20 5.45 0.71 11
25 5.45 0.67 11
30 5.45 0.58 11 0.2
35 5.61 0.85 10.7
40 5.61 0.71 10.7
45 5.61 0.53 10.7
50 5.50 0.65 10.9
55 5.71 0.65 10.5
60 5.61 0.45 10.7 0.5
65 5.50 0.45 10.9
70 5.50 0.77 10.9
75 5.66 0.46 10.6
80 5.61 0.41 10.7
85 5.56 0.56 10.8
90 5.50 0.47 10.9 0.3
95 5.66 0.44 10.6
100 5.61 0.51 10.7
105 5.61 0.16 10.7
110 5.71 0.37 10.5
115 5.61 0.54 10.7
120 5.45 0.92 11 0.3
125 5.61 0.36 10.7
130 5.56 0.33 10.8
135 5.50 1.40 10.9
140 5.45 0.44 11
145 5.61 0.14 10.7
150 5.71 1.23 10.5 0.2
155 5.71 1.44 10.5
160 5.71 0.93 10.5
165 5.66 0.29 10.6
170 5.61 0.02 10.7
175 5.83 1.07 10.3
180 5.61 1.85 10.7 0.1
185 5.61 0.10 10.7
190 5.56 0.46 10.8
195 5.71 1.29 10.5
200 5.50 1.54 10.9
205 5.71 2.35 10.5
210 5.71 1.42 10.5 0.1
215 5.71 1.90 10.5
220 5.50 1.67 10.9
225 5.61 1.24 10.7
230 5.71 1.32 10.5
235 5.50 0.74 10.9
240 5.56 0.60 10.8 0.1
Date: 17-Nov-01 Filter Thickness: 6cm
Test: C6.50 Compression Time: 60sec













50 0 6.25 32.16 9.6
2 6.19 6.41 9.7
4 6.19 5.59 9.7
6 6.06 3.41 9.9
8 6.19 1.53 9.7
10 6.25 1.84 9.6
15 6.25 2.60 9.6
20 6.19 1.06 9.7
25 6.19 0.63 9.7
30 6.19 1.09 9.7 1.4
35 6.19 0.92 9.7
40 6.12 0.58 9.8
45 6.32 0.58 9.5
50 6.19 0.77 9.7
55 6.06 0.75 9.9
60 6.19 0.64 9.7 0.4
65 6.06 0.50 9.9
70 6.12 0.42 9.8
75 6.19 0.61 9.7
80 6.06 0.44 9.9
85 6.06 0.54 9.9
90 6.00 0.37 10 0.1
95 6.06 0.38 9.9
100 6.25 0.37 9.6
105 6.19 0.47 9.7
110 6.19 0.32 9.7
115 6.06 0.66 9.9
120 6.06 0.43 9.9 0.1
125 6.12 0.54 9.8
130 6.12 0.46 9.8
135 6.19 0.42 9.7
140 6.06 0.52 9.9
145 6.19 0.35 9.7
150 6.19 0.36 9.7 0
155 6.19 0.48 9.7
160 6.32 0.48 9.5
165 6.19 0.76 9.7
170 6.19 0.96 9.7
175 6.06 1.22 9.9
180 6.19 0.99 9.7 0
185 6.25 1.20 9.6
190 6.06 0.58 9.9
195 6.19 1.08 9.7
200 6.06 1.12 9.9
205 6.06 1.56 9.9
0210 6.06 0.42 9.9
215 6.06 1.80 9.9
220 6.06 1.42 9.9
225 6.06 0.52 9.9
230 6.19 0.03 9.7
235 6.06 1.22 9.9






















70 0 8.22 18.11 7.3
2 7.23 19.91 8.3
4 7.06 2.87 8.5
6 7.06 1.16 8.5
8 7.23 1.43 8.3
10 7.23 1.31 8.3
15 7.41 0.71 8.1
20 7.23 2.84 8.3
25 7.06 0.58 8.5
30 7.06 0.65 8.5 7.2
35 7.50 0.92 8.0
40 7.41 1.64 8.1
45 7.23 0.97 8.3
50 7.23 1.09 8.3
55 7.23 1.39 8.3
60 7.23 1.25 8.3 1.9
65 7.06 0.00 8.5
70 7.06 0.36 8.5
75 7.23 0.29 8.3
80 7.06 0.41 8.5
85 7.06 0.01 8.5
90 7.06 0.10 8.5 2.1
95 7.23 0.03 8.3
100 7.23 0.27 8.3
105 7.23 0.00 8.3
110 7.06 0.69 8.5
115 7.06 0.55 8.5
120 7.06 0.10 8.5 5.9
125 7.06 0.88 8.5
130 7.06 0.20 8.5
135 7.23 0.17 8.3
140 7.23 0.23 8.3
145 7.06 0.45 8.5
150 7.23 0.91 8.3 2.3
155 7.23 0.65 8.3
160 7.23 0.00 8.3
165 7.23 0.62 8.3
170 7.32 0.68 8.2
175 7.23 0.70 8.3
180 7.06 0.90 8.5 0.6
185 6.98 0.85 8.6
190 7.06 0.80 8.5
195 7.06 0.55 8.5
200 7.23 0.87 8.3
205 7.23 0.63 8.3
210 7.06 0.62 8.5 0.1
215 7.23 0.44 8.3
220 7.06 0.43 8.5
225 7.23 0.16 8.3
230 7.23 0.74 8.3
235 7.23 0.93 8.3

























10 0 4.32 515 13.88
2 4.20 23.3 14.28
4 4.40 15.39 13.63
6 4.38 3.38 13.69
8 4.37 1.82 13.72
10 4.35 1.42 13.78
15 4.42 0.91 13.59
20 4.40 0.95 13.63
25 4.71 0.55 12.75
30 4.75 0.81 12.63 2.1
35 4.74 1.28 12.66
40 4.86 0.83 12.34
45 4.71 0.94 12.75
50 4.81 0.26 12.47
55 4.71 0.61 12.75
60 4.77 1.07 12.57 0.6
65 4.81 1.01 12.47
70 4.75 0.78 12.62
75 4.73 0.34 12.69
80 4.68 0.48 12.82
85 4.67 0.39 12.84
90 4.85 0.18 12.38 0.1
95 4.84 0.08 12.4
100 4.79 0.24 12.53
105 4.79 0 12.53
110 4.81 0.06 12.47
115 4.80 0.08 12.5
120 4.77 0.08 12.57 0
125 4.79 0.39 12.53
130 4.77 0.45 12.59
135 4.75 0.29 12.62
140 4.77 0.23 12.59
145 4.66 0 12.88
150 4.75 0 12.63 0.1
155 4.80 0.02 12.5
160 4.74 0.42 12.65
165 4.78 0.3 12.56
170 4.71 1.07 12.75
175 4.71 0.87 12.75
180 4.78 0.2 12.56 0.1
185 4.69 0.05 12.78
190 4.77 0 12.59
195 4.73 0.03 12.69
200 4.73 0.33 12.69
205 4.72 0.54 12.72
210 4.71 0.22 12.75 0.1
215 4.67 0.31 12.85
220 4.87 0.7 12.33
225 4.79 0.11 12.53
230 4.75 0.14 12.62
235 4.71 0.24 12.75






















30 0 9.52 19.91 6.3
2 9.68 4.48 6.2
4 9.23 3.18 6.5
6 9.09 2.88 6.6
8 8.96 2.9 6.7
10 8.96 1.82 6.7
15 8.96 1.1 6.7
20 8.82 0.86 6.8
25 8.70 0.67 6.9
30 8.70 0.67 6.9 30.4
35 8.82 0.66 6.8
40 8.70 0.57 6.9
45 8.70 0.72 6.9
50 8.70 0.7 6.9
55 8.57 0.59 7
60 8.45 0.64 7.1 17.6
65 8.45 0.66 7.1
70 8.57 0.61 7
75 8.45 0.6 7.1
80 8.45 0.49 7.1
85 8.45 0.46 7.1
90 8.57 0.42 7 3.3
95 8.57 0.89 7
100 8.57 1.57 7
105 8.57 0.31 7
110 8.57 0.35 7
115 8.45 0.42 7.1
120 8.57 0.51 7 1.5
125 8.45 0.41 7.1
130 8.45 0.47 7.1
135 8.45 0.39 7.1
140 8.45 0.6 7.1
145 8.33 0.51 7.2
150 8.57 0.6 7 1.4
155 8.45 0.74 7.1
160 8.45 0.46 7.1
165 8.45 0.37 7.1
170 8.33 0.48 7.2
175 8.45 0.6 7.1
180 8.33 0.47 7.2 1.1
185 8.45 0.46 7.1
190 8.33 0.59 7.2
195 8.57 0.62 7
200 8.57 0.48 7
205 8.33 0.49 7.2
210 8.57 0.53 7 0.2
215 8.57 0.46 7
220 8.45 0.43 7.1
225 8.45 0.49 7.1
230 8.45 0.52 7.1
235 8.45 0.33 7.1










PRESSURE TIME FLOWRATE TURBIDITY TIME for 1 L MASS
(kPa) (mins) (Umin) (FTU) (sec) (g)
50 0 10.00 14.48 6
2 9.84 8.66 6.1
4 9.52 2.76 6.3
6 9.84 1.77 6.1
8 9.84 1.33 6.1
10 9.84 1.39 6.1
15 9.68 1.09 6.2
20 9.52 0.98 6.3
25 9.84 0.93 6.1
30 9.84 0.88 6.1 9.7
35 9.68 0.81 6.2
40 9.68 0.8 6.2
45 9.52 0.59 6.3
50 9.52 0.9 6.3
55 9.84 0.96 6.1
60 9.84 0.64 6.1 3.6
65 9.52 0.46 6.3
70 9.84 0.59 6.1
75 9.84 0.54 6.1
80 10.00 0.47 6
85 10.53 0.57 5.7
90 9.84 0.57 6.1 1.1
95 9.84 0.37 6.1
100 9.68 0.62 6.2
105 9.52 0.42 6.3



























































































































70 0 9.23 2.59 6.5
2 9.84 1.23 6.1
4 9.68 0.61 6.2
6 9.84 0.49 6.1
8 9.84 0.63 6.1
10 9.52 0.27 6.3
15 9.52 0.31 6.3
20 9.52 0.51 6.3
25 9.52 0.14 6.3
30 10.00 0.08 6 0.8
35 10.00 0.3 6
40 10.53 0.23 5.7
45 10.00 0.29 6
50 10.00 0.3 6
55 9.23 0.19 6.5
60 9.23 0.27 6.5 0.2
65 9.23 0.3 6.5
70 10.00 0.33 6
75 9.52 0.33 6.3
80 9.84 0.21 6.1
85 9.52 0.26 6.3
90 9.84 0.15 6.1 0
95 10.00 0.17 6
100 9.52 0.21 6.3
105 9.23 2.32 6.5
110 9.23 1.25 6.5
115 9.23 2.19 6.5
120 9.52 1.22 6.3 0
125 8.57 0.41 7
130 8.82 0.34 6.8
135 9.52 0.16 6.3
140 9.52 0.21 6.3
145 9.52 0.1 6.3
150 9.52 0.04 6.3 0
155 9.52 0.06 6.3
160 9.23 0.32 6.5
165 8.96 0.3 6.7
170 9.52 0.12 6.3
175 9.23 0.22 6.5
180 9.23 0.18 6.5 0
185 9.52 0.05 6.3
190 9.52 0.39 6.3
195 9.52 0.37 6.3
200 9.23 0.17 6.5
205 8.82 0.39 6.8
210 9.52 0.26 6.3 0
215 9.52 0.14 7
220 8.57 0.17 6.5
225 9.23 0.11 6.1
230 9.84 0.11 6.5
235 9.23 0.29 6.5






















90 0 9.23 3.78 6.5
2 9.84 1.51 6.1
4 9.68 1.37 6.2
6 9.84 1.57 6.1
8 9.84 1.18 6.1
10 9.52 1.79 6.3
15 9.52 1.25 6.3
20 9.52 1.04 6.3
25 9.52 0.92 6.3
30 10.00 0.73 6 25.7
35 10.00 0.85 6
40 10.53 0.61 5.7
45 10.00 0.54 6
50 10.00 0.61 6
55 9.23 1.04 6.5
60 9.23 1.21 6.5 4
65 9.23 0.44 6.5
70 10.00 0.49 6
75 9.52 0.41 6.3
80 9.84 0.61 6.1
85 9.52 0.5 6.3
90 9.84 0.9 6.1 4.8
95 10.00 0.99 6
100 9.52 1.7 6.3
105 9.23 0.64 6.5
110 9.23 0.76 6.5
115 9.23 2.14 6.5
120 9.52 0.61 6.3 1.8
125 8.57 0.61 7
130 8.82 0.38 6.8
135 9.52 0.73 6.3
140 9.52 0.71 6.3
145 9.52 1.03 6.3
150 9.52 1.3 6.3 1.2
155 9.52 0.55 6.3
160 9.23 1.81 6.5
165 8.96 0.82 6.7
170 9.52 1.66 6.3
175 9.23 1.01 6.5
180 9.23 0.47 6.5 0.6
185 9.52 0.55 6.3
190 9.52 0.48 6.3
195 9.52 0.53 6.3
200 9.23 1.03 6.5
205 8.82 1.04 6.8
210 9.52 2.13 6.3 0.5
215 9.52 2.27 7
220 8.57 1.26 6.5
225 9.23 1.99 6.1
230 9.84 1.66 6.5



























10 0 3.78 283 15.88
2 3.80 8.81 15.79
4 3.77 1.28 15.91
6 3.70 0.76 16.21
8 3.74 0.44 16.03
10 3.73 0.56 16.07
15 3.72 0.67 16.13
20 3.82 0.63 15.72
25 3.88 0.94 15.47
30 3.78 0.75 15.88 0
35 3.87 0.74 15.5
40 3.88 0.57 15.47
45 3.87 0.61 15.5
50 3.89 0.38 15.44
55 3.89 0.37 15.44
60 4.02 0.6 14.94 0
65 4.18 0.26 14.34
70 4.21 0 14.25
75 4.34 0.39 13.81
80 4.44 0.61 13.5
85 4.42 0.67 13.57
90 4.41 0.68 13.6 0
95 4.53 0.36 13.25
100 4.49 0.27 13.37
105 4.55 0.34 13.19
110 4.55 0.33 13.19
115 4.53 0.36 13.25
120 4.52 0.37 13.28 0.1
125 4.55 0.32 13.18
130 4.46 1.37 13.44
135 4.50 0.5 13.34
140 4.52 0.17 13.28
145 4.46 0.01 13.46
150 4.38 1.05 13.69 0.1
155 4.40 0.61 13.63
160 4.34 0.2 13.82
165 4.38 0.28 13.69
170 4.48 0.22 13.4
175 4.41 0.32 13.62
180 4.39 0.41 13.66 0
185 4.35 0.37 13.79
190 4.43 0.4 13.53
195 4.35 0 13.78
200 4.35 0.05 13.78
205 4.37 0.24 13.72
210 4.34 0.25 13.82 0
215 4.39 0.17 13.68
220 4.39 0.54 13.66
225 4.36 0.8 13.75
230 4.40 0.76 13.65
235 4.39 0.41 13.66

























30 0 8.57 6.58 7
2 8.96 4.39 6.7
4 9.23 3.31 6.5
6 8.96 2.73 6.7
8 8.57 1.42 7
10 8.57 1.01 7
15 8.96 0.85 6.7
20 9.23 0.88 6.5
25 8.96 1.04 6.7
30 8.57 0.88 7 0
35 8.96 1.12 6.7
40 8.96 1.02 6.7
45 8.96 1.82 6.7
50 8.96 0.92 6.7
55 8.57 1.28 7
60 8.57 0.73 7 0
65 8.57 0.96 7
70 8.57 1.33 7
75 8.57 2.4 7
80 8.57 1.1 7
85 8.57 1.28 7
90 8.82 0.78 6.8 0
95 8.57 1.18 7
100 8.57 2.09 7
105 8.57 1.56 7
110 8.57 1.52 7
115 8.57 1.13 7
120 8.57 1.26 7 0
125 8.57 1.8 7
130 8.57 1.23 7
135 8.57 1.93 7
140 8.57 0.88 7
145 8.57 1.16 7
150 8.57 0.42 7 0
155 8.96 0.53 6.7
160 8.82 0.74 6.8
165 8.82 0.64 6.8
170 8.57 0.72 7
175 8.57 1.23 7
180 8.45 0.67 7.1 0
185 8.45 0.21 7.1
190 8.45 0.59 7.1
195 8.45 0.3 7.1
200 8.57 1.74 7
205 8.45 1.66 7.1
210 8.22 1.09 7.3 0
215 8.22 2.74 7.3
220 8.57 1.37 7
225 8.57 0.41 7
230 8.96 0.35 6.7
235 8.96 1.18 6.7






















60 0 9.09 6.15 6.6
2 9.09 3.94 6.6
4 9.23 2.67 6.5
6 9.23 2.81 6.5
8 8.96 2.53 6.7
10 9.23 2.96 6.5
15 9.52 1.45 6.3
20 9.23 1.96 6.5
25 9.23 0.8 6.5
30 9.23 1.05 6.5 23
35 9.23 0.98 6.5
40 9.23 0.96 6.5
45 9.52 0.9 6.3
50 9.23 0.92 6.5
55 9.52 0.87 6.3
60 9.52 0.71 6.3 24.2
65 9.23 0.82 6.5
70 9.23 0.51 6.5
75 9.23 0.69 6.5
80 9.23 0.68 6.5
85 9.23 0.55 6.5
90 9.23 0.8 6.5 6.7
95 9.52 0.74 6.3
100 9.23 0.64 6.5
105 9.52 0.57 6.3
110 9.23 0.84 6.5
115 9.23 1.09 6.5
120 9.23 0.98 6.5 1.3
125 9.23 0.71 6.5
130 8.96 0.96 6.7
135 9.23 0.88 6.5
140 8.96 0.9 6.7
145 8.96 1.15 6.7
150 9.23 0.72 6.5 0.4
155 8.96 0.56 6.7
160 8.96 1 6.7
165 8.96 0.69 6.7
170 8.96 0.91 6.7
175 9.23 0.54 6.5
180 9.23 0.85 6.5 0.3
185 9.23 0.84 6.5
190 8.96 0.68 6.7
195 8.96 0.56 6.7
200 8.96 0.73 6.7
205 8.57 0.82 7
210 8.57 0.5 7 0.6
215 8.57 0.51 7
220 8.82 0.75 6.8
225 8.57 0.75 7
230 9.23 0.67 6.5
235 8.96 0.54 6.7






















90 0 8 .2 2 5.53 7.3
2 8 .2 2 3.7 7.3
4 8 .2 2 2.97 7.3
6 8 .2 2 1.56 7.3
8 8.45 1.42 7.1
10 8 .2 2 1 .2 7.3
15 8.45 1.03 7.1
2 0 8 .2 2 1.28 7.3
25 8.45 1.35 7.1
30 8.33 1.77 7.2 0 .2
35 8 .2 2 1 .0 2 7.3
40 8.45 0.91 7.1
45 8 .2 2 0.74 7.3
50 8 .2 2 0.69 7.3
55 8.45 0.71 7.1
60 8.45 0.9 7.1 0
65 8 .2 2 0.82 7.3
70 8.57 0.74 7
75 8 .2 2 0.58 7.3
80 8.45 0.97 7.1
85 8 .0 0 0.72 7.5
90 8 .2 2 0 .6 8 7.3 7.1
95 8.45 0.65 7.1
1 0 0 8.45 1.03 7.1
105 8.33 0 .8 8 7.2
1 1 0 8.57 0 .6 8 7
115 8 .2 2 0.76 7.3
1 2 0 8.57 0.82 7 0.3
125 8.45 0.72 7.1
130 8 .0 0 0.5 7.5
135 8 .0 0 0.9 7.5
140 8.45 1.27 7.1
145 8.57 0.96 7
150 8 .2 2 0.52 7.3 0.1
155 8.45 0.69 7.1
160 8 .0 0 0.62 7.5
165 8 .2 2 1.84 7.3
170 8 .2 2 0.61 7.3
175 8.45 0.77 7.1
180 8 .0 0 1.76 7.5 0 .2
185 8.45 1.46 7.1
190 8.45 1.75 7.1
195 8.45 1.21 7.1
2 0 0 8.45 1.51 7.1
205 8.45 2.15 7.1
2 1 0 8 .2 2 1 .8 6
7.3 0.1
215 8.45 2.04 7.1
2 2 0 8.45 1.24 7.1
225 8 .0 0 2 .11 7.5
230 8.45 1.32 7.1
235 8.45 0.67 7.1


























120 0 8.11 4.83 7.4
2 8.22 2.79 7.3
4 8.22 2.16 7.3
6 8.22 1.55 7.3
8 8.45 1.34 7.1
10 8.22 1.31 7.3
15 8.00 1.26 7.5
20 8.22 1.18 7.3
25 8.00 1.21 7.5
30 8.00 1.02 7.5 15.6
35 8.22 1.02 7.3
40 8.22 0.89 7.3
45 8.57 0.62 7
50 8.45 0.35 7.1
55 8.22 0.89 7.3
60 8.22 0.53 7.3 12.5
65 8.22 0.45 7.3
70 8.22 0.68 7.3
75 8.22 0.5 7.3
80 8.45 0.5 7.1
85 8.22 0.51 7.3
90 8.22 0.56 7.3 0.6
95 8.57 0.55 7
100 8.45 0.55 7.1
105 8.45 0.93 7.1
110 8.00 1.45 7.5
115 8.00 1.16 7.5
120 8.22 1.3 7.3 0.3
125 8.22 0.58 7.3
130 8.00 1.17 7.5
135 8.22 0.86 7.3
140 8.00 1.74 7.5
145 8.22 0.57 7.3
150 8.22 1.68 7.3 0.5
155 8.00 1.9 7.5
160 8.00 1.19 7.5
165 8.22 0.85 7.3
170 8.45 1 7.1
175 8.22 2.3 7.3
180 8.00 0.86 7.5 0.3
185 8.00 0.9 7.5
190 8.22 1.02 7.3
195 8.45 1.48 7.1
200 8.00 0.79 7.5
205 8.00 0.33 7.5
210 8.00 0.69 7.5 0.1
215 8.00 0.85 7.5
220 8.22 0.84 7.3
225 8.22 0.6 7.3
230 7.59 0.57 7.9
235 8.00 0.46 7.5
240 8.22 0.39 7.3 0
APPENDIX B
Calculations of porosity and equivalent pore diameter
Test series Testl to Test5: Calculation of Porosity (n) and Minimum Equivalent Pore Diameter (dc)
Base size used for testing - Basel : 150-212 pm
Test No. T est 1 T est 2 T est 3 T est 4 T e s t5
Filter size Filter 1 :4.75-6.70mm Filter 2: 4.00-4.75mm Filter 3 : 3.35-4.00mm Filter 4: 2.36-3.35mm Filter 5 : 1.18-2.36mm
Compaction Time 60sec 60sec 60sec 60sec 60sec
Height of cylinder (cm) 24.5 24.5 24.5 24.5 24.5
Diameter of cylinder (cm) 15.5 15.5 15.5 15.5 15.5
Height from water surface to top of cylinder (cm) 15.4 15.3 15.2 15.0 15.2
Height from top of filter sample to top of cylinder (cm) 18.5 18.5 18.5 18.5 18.5
Height of water above filter sample (cm) 3.1 3.2 3.3 3.5 3.3
Height of filter sample (cm) 6.0 6.0 6.0 6.0 6.0
Volume of filter sample (cm 3) 1132.6 1132.6 1132.6 1132.6 1132.6
W ater volume above the filter sample (cm 3) 585.2 604.1 622.9 660.7 622.9
Volume of voids (cm3) 414.8 395.9 377.1 339.3 377.1
P o ro s ity  (n) = Volume of Voids /  Volume of Filter 0.366 0.350 0.333 0.300 0.333
M in im um  equ iva le n t d ia  o f pore  channel do  (pm) 1458.2 1043.9 814.4 546.2 378.5
T est se ries  DFBO to  DFB4: C a lcu la tion  o f P o ros ity  (n) and M inim um  Equ iva len t Pore D iam eter (d0) 
Base size used for testing - Basel : 212-300 pm
Test No. DFBO DFB1 DFB2 DFB3 DFB4
Filter size Filter 1 :4.75-6.70mm Filter 2: 4.00-4.75mm Filter 3: 3.35-4.00mm Filter 4: 2.36-3.35mm Filter 5: 1.18-2.36mm
Compaction Time 60sec 60sec 60sec 60sec 60sec
Height of cylinder (cm) 24.5 24.5 24.5 24.5 24.5
Diameter of cylinder (cm) 15.5 15.5 15.5 15.5 15.5
Height from water surface to top of cylinder (cm) 15.5 15.5 14.9 14.5 14.2
Height from top of filter sample to top of cylinder (cm) 18.5 19.0 18.4 18.5 18.5
Height of water above filter sample (cm) 3.0 3.5 3.5 4.0 4.3
Height of filter sample (cm) 6.0 5.5 6.1 6.0 6.0
Volume of filter sample (cm3) 1132.6 1038.2 1151.5 1132.6 1132.6
W ater volume above the filter sample (cm 3) 566.3 660.7 660.7 755.1 811.7
Volume of voids (cm3) 433.7 339.3 339.3 244.9 188.3
P o ro s ity  (n) = Volume of Voids /  Volume of Filter 0.383 0.327 0.295 0.216 0.166
M in im um  e q u iva len t d ia  o f pore channel do  (pm) 1565.78 942.96 681.72 352.32 151.24
Test series DenO to Den4: Calculation of Porosity (n) and Minimum Equivalent Pore Diameter (d0)
Base size used fortesting - Basel: 212-300pm
Test No. DenO D en i Den2 Den3 Den4
Filter size Filter 4: 2.36-3.35mm Filter 4: 2.36-3.35mm Filter 4: 2.36-3.35mm Filter 4: 2.36-3.35mm Filter 4: 2.36-3.35mm
Compaction Time Osec 15sec 30sec 45sec 60sec
Height of cylinder (cm) 24.5 24.5 24.5 24.5 24.5
Diameter of cylinder (cm) 15.5 15.5 15.5 15.5 15.5
Height from water surface to  top of cylinder (cm) 15.8 14.8 14.7 14.8 14.5
Height from top of filter sample to top of cylinder (cm) 18.5 18.5 18.5 18.5 18.5
Height of water above filter sample (cm) 2.7 3.7 3.8 3.7 4.0
Height of filter sample (cm) 6.0 6.0 6.0 6.0 6.0
Volume of filter sample (cm 3) 1132.6 1132.6 1127.9 1132.6 1132.6
W ater volume above the filter sample (cm 3) 509.7 698.4 722.0 698.4 755.1
Volume of voids (cm 3) 490.3 301.6 278.0 301.6 244.9
P o ro s ity  (n) = Volume of Voids /  Volume of Filter 0.433 0.266 0.246 0.266 0.216
M in im um  eq u iva le n t d ia  o f pore  channe l d o  (pm) 974.79 463.34 417.60 463.34 352.32
Test series C6.10 to C12.120: Calculation of Porosity (n) and Minimum Equivalent Pore Diameter (d0)
Base size used for testing - Base 2: 212-300pm
Test No. C6.10 C 6.20 C6.30 C6.50 C6.70
Filter size Filter 4: 2.36-3.35mm Filter 4: 2.36-3.35mm Filter 4: 2.36-3.35mm Filter 4: 2.36-3.35mm Filter 4: 2.36-3.35mm
Compaction Time 60sec 60sec 60sec 60sec 60sec
Height of cylinder (cm) 24.5 24.5 24.5 24.5 24.5
Diameter of cylinder (cm) 15.5 15.5 15.5 15.5 15.5
Height from water surface to top of cylinder (cm) 14.80 14.90 15.00 14.90 14.90
Height from top of filter sample to top of cylinder (cm) 18.5 18.5 18.5 18.5 18.5
Height of water above filter sample (cm) 3.7 3.6 3.5 3.6 3.6
Height of filter sample (cm) 6.0 6.0 6.0 6.0 6.0
Volume of filter sample (cm3) 1132.6 1132.6 1132.6 1132.6 1132.6
Water volume above the filter sample (cm3) 698.4 679.6 660.7 679.6 679.6
Volume of voids (cm3) 301.6 320.4 339.3 320.4 320.4
P orosity (n ) = Volume of Voids /  Volume of Filter 0.266 0.283 0.300 0.283 0.283
M inim um  equivalent dia of pore channel d o  (pm) 463 504 546 504 504
Test No. C9.10 C9.30 C 9.50 C9.70 C 9.90
Filter size Filter 4: 2.36-3.35mm Filter 4: 2.36-3.35mm Filter 4: 2.36-3.35mm Filter 4: 2.36-3.35mm Filter 4: 2.36-3.35mm
Compaction Time 60sec 60sec 60sec 60sec 60sec
Height of cylinder (cm) 24.5 24.5 24.5 24.5 24.5
Diameter of cylinder (cm) 15.5 15.5 15.5 15.5 15.5
Height from water surface to top of cylinder (cm) 12.60 12.60 12.90 12.80 12.90
Height from top of filter sample to top of cylinder (cm) 15.5 15.5 15.5 15.5 15.5
Height of water above filter sample (cm) 2.9 2.9 2.6 2.7 2.6
Height of filter sample (cm) 9.0 9.0 9.0 9.0 9.0
Volume of filter sample (cm3) 1698.9 1698.9 1698.9 1698.9 1698.9
Water volume above the filter sample (cm3) 547.4 547.4 490.8 509.7 490.8
Volume of voids (cm3) 452.6 452.6 509.2 490.3 509.2
Porosity (n ) = Volume of Voids / Volume of Filter 0.266 0.266 0.300 0.289 0.300
M inim um  equivalent dia of pore channel d o  (pm) 463 463 547 518 547
Test No. C12.10 C12.30 C12.60 C12.90 C12.120
Filter size Filter 4: 2.36-3.35mm Filter 4: 2.36-3.35mm Filter 4: 2.36-3.35mm Filter 4: 2.36-3.35mm Filter 4: 2.36-3.35mm
Compaction Time 60sec 60sec 60sec 60sec 60sec
Heiqht of cylinder (cm) 24.5 24.5 24.5 24.5 24.5
Diameter of cylinder (cm) 15.5 15.5 15.5 15.5 15.5
Height from water surface to top of cylinder (cm) 10.6 10.7 10.5 10.6 10.6
Height from top of filter sample to top of cylinder (cm) 12.5 12.5 12.5 12.5 12.5
Height of water above filter sample (cm) 1.9 1.8 2.0 1.9 1.9
Height of filter sample (cm) 12.0 12.0 12.0 12.0 12.0
Volume of filter sample (cm3) 2265.2 2265.2 2265.2 2265.2 2265.2
Water volume above the filter sample (cm3) 358.7 339.8 377.5 358.7 358.7
Volume of voids (cm3) 641.3 660.2 622.5 641.3 641.3
P orosity (n ) = Volume of Voids /  Volume of Filter 0.283 0.291 0.275 0.283 0.283
M inim um  equivalent dia of pore channel do (pm) 504 525 484 504 504
Calulation o f Minimum Equivalent Pore diameter (1)), C usD ^/D ^ and D ^/Dut, using Base and Filter Partcle Size Distribution
Percentage Passing 0-20% 20-40% 40-60% 60-80% 80-100% £AS/D|
Deo D,0 0,6 Base 1 :150-212jim Base 2 :212-300*im
F ilte r 1 : 4 .7 5 m m  -6 .7 0 m m
6  in c h = 2 5 0 G p m
1 inch  = 2 5 0 0 /6 =  41 7  p  m 417 417 417 417 417 417 417 417
In c h e s  to the m id  o f e a c h  2 0 %  p a ss in o 1.063 2.000 2.938 3.875 4.813 3.406 1.063 1.563
p m  to the m id  o f e a c h  2 0 %  passinc 442.708 833.333 1223.958 1614.583 2005.208 1419.271 442.708 651.042
D ia m e te r  a t the m id  o f e a c h  2 0 %  p a s s in g p  m 4942.708 5333.333 5723.958 6114.583 6505.208 5919.271 4942.708 5151.042
% p a ss in g /m id  dia 4.05E-05 3.75E-05 3.49 E-05 3.27E-05 3.07E-05 1.76E-04
Equivalent diameter Dh(jim)=1/(XASi/Di) 5670.29
Cu=D60/D1o 1.20
Di5f/D85b 25.4 18.0
F ilte r 2 : 4 .0 0 m m  -4 .7 5 m m
6  in c h = 8 0 G p m
1 inch  =  8 0 0 /6 =  1 3 3 p m 133 133 133 133 133 133 133 133
In c h e s  to the m id  o f e a c h  2 0 %  p a s s in g 0.563 1.688 2.813 3.938 5.063 3.375 0.563 0.813
p m  to the m id  o f e a c h  2 0 %  passinc 75.000 225.000 375.000 525.000 675.000 450.000 75.000 108.333
D ia m e te r  a t the m id  o f e a c h  2 0 %  p a s s in g p  m 4075.000 4225.000 4375.000 4525.000 4675.000 4450.000 4075.000 4108.333
% p a ss in g /m id  dia 4.91 E-05 4.73E-05 4.57E-05 4.42E-05 4.28E-05 2.29E-04
Equivalent diameter CV(nm)=1/(£ASi/Di) 4364.70
C^Deo/D« 1.09
D-isi/Dssb 20.3 14.3
Filte r 3 : 3 .3 5 m m  ~4.00m m
6  inch=80G  p m
1 inch  =  8 0 0 /6 =  133p  m 133 133 133 133 133 133 133 133
In c h e s  to the m id  o f e a c h  2 0 %  p a ss in g 1.656 2.594 3.563 4.531 5.500 4.031 1.656 1.844
p m  to the m id  o f e a c h  2 0 %  passinc 220.833 345.833 475.000 604.167 733.333 537.500 220.833 245.833
D ia m e te r  a t the m id  o f e a c h  2 0 %  p a s s in g  p  m 3420.833 3545.833 3675.000 3804.167 3933.333 3737.500 3420.833 3445.833
% p a ss in g /m id  dia 5.85E-05 5.64E-05 5.44E-05 5.26E-05 5.08E-05 2.73E-04
Equivalent diameter Dh(|im)=1/(IASi/Di) 3666.86
Cu=D60/D10 1.09
Disi/Da5b 17.0 12.0
Filte r 4 : 2 .3 6 m m  -3 .3 5 m m
6  in c h = 1 6 0 G p m
1 inch  =  1600/6= 2 6 ?  p  m 267 267 267 267 267 267 267 267
In ch e s  to the m id  o f e a c h  2 0 %  p a ss in g 1.719 2.469 3.203 4.938 4.688 3.563 1.719 1.906
p m  to the m id  o f e a c h  2 0 % passinc 458.333 658.333 854.167 1316.667 1250.000 950.000 458.333 508.333
D ia m e te r a t the m id  o f ea c h  2 0 %  p a s s in g  p  m 2458.333 2658.333 2854.167 3316.667 3250.000 2950.000 2458.333 2508.333
% p a ss in g /m id  dia 8.14E-05 7.52E-05 7.01 E-05 6.03E-05 6.15E-05 3.49E-04
Equivalent diameter Dh(nm)=1/(ZASi/Di) 2869.41
Cu=D6C>/D1o 1.20
DistPesb 12.4 8.8
F ilte r 5 : 1 .18m m  -2 .3 6 m m
6  in c h = 1 6 0 G p m
1 inch  =  1600/6= 2 6 / p m 267 267 267 267 267 267 267 267
In ch e s  to the m id  o f e a ch  2 0 %  p a ss in g 1.875 2.750 3.625 4.500 5.406 4.063 1.875 2.078
p m  to  the m id  o f e a c h  2 0 %  p assinc 500.000 733.333 966.667 1200.000 1441.667 1083.333 500.000 554.167
D ia m e te r a t the m id  o f e a ch  2 0 %  p a s s in g  p  m 1300.000 1533.333 1766.667 2000.000 2241.667 1883.333 1300.000 1354.167
% p a ss in g /m id  dia 1.54E-04 1.30E-04 1.13E-04 1.00E-04 8.92E-05 5.87E-04




Calculation sheets of relative densities
Relative Density for test series C6.10-C12.120
Final Relative Densities Initial Relative Densities Layer
' ‘ ■— Test  
Length (cm) ~— ■— C6.10 C6.20 C6.30 C6.50 C6.70 C6.10 C6.20 C6.30 C6.50 C6.70
0.75 1798 2042 1894 1986 1944 1475 1365 1375 1354 1379 4
2.25 1523 1414 1410 1394 1437 1475 1365 1375 1354 1379 3
3.75 1513 1397 1392 1381 1434 1475 1365 1375 1354 1379 2
5.25 1497 1386 1383 1362 1426 1475 1365 1375 1354 1379 1
1511.2 1391.9 1387.7 1379 1429.88
" ' ------ _ _ _  Test
Length (cm) "— — — C9.10 C9.30 C9.50 C9.70 C9.90 C9.10 C9.30 C9.50 C9.70 C9.90
0.75 1857 1972 1980 2165 1919 1499 1480 1484 1589 1452 6
2.25 1550 1560 1528 1647 1552 1499 1480 1484 1589 1452 5
3.75 1554 1554 1517 1645 1543 1499 1480 1484 1589 1452 4
5.25 1548 1540 1503 1632 1524 1499 1480 1484 1589 1452 3
6.75 1535 1538 1499 1627 1519 1499 1480 1484 1589 1452 2
8.25 1514 1534 1490 1621 1527 1499 1480 1484 1589 1452 1
1550.8 1537.2 1497.3 1626.9 1523.44
Test
Length (cm) -— C12.10 C12.30 C12.60 C12.90 C12.120 C12.10 C12.30 C12.60 C12.90 C12.120
0.75 1899 1984 1917 1952 2041 1533 1488 1488 1481 1490 8
2.25 1559 1517 1595 1546 1566 1533 1488 1488 1481 1490 7
3.75 1543 1505 1573 1538 1569 1533 1488 1488 1481 1490 6
5.25 1536 1496 1592 1540 1572 1533 1488 1488 1481 1490 5
6.75 1533 1490 1571 1524 1570 1533 1488 1488 1481 1490 4
8.25 1533 1489 1574 1516 1557 1533 1488 1488 1481 1490 3
9.75 1533 1489 1552 1501 1546 1533 1488 1488 1481 1490 2




theoretical and experimental critical hydraulic gradients
Theoretical and Experimental Critical Hydarulic Gradients
Test No. Angle a
Angle of 











DenO 90 30 18000 9800 2.50E-04 9.75E-04 19.98 0.060 20 33.33
Deni 90 30 18000 9800 2.50E-04 4.63E-04 58.56 0.060 30 50.00
Den2 90 30 18000 9800 2.50E-04 4.18E-04 65.42 0.060 45 75.00
Den3 90 30 18000 9800 2.50E-04 4.63E-04 58.56 0.060 35 58.33
Den4 90 30 18000 9800 2.50E-04 3.52E-04 76.73 0.060 30 50.00
DFBO 90 30 18000 9800 2.50E-04 1.57E-03 8.52 0.060 5 8.33
DFB1 90 30 18000 9800 2.50E-04 9.43E-04 21.13 0.060 10 16.67
DFB2 90 30 18000 9800 2.50E-04 6.82E-04 35.34 0.060 25 41.67
DFB3 90 30 18000 9800 2.50E-04 3.52E-04 76.73 0.060 30 50.00
DFB4 90 30 18000 9800 2.50E-04 1.51E-04 * 0.060 * ★
* d0<d Critical hydraulic gradient not observed
Testi 90 30 18000 9800 1.80E-04 1.46E-03 7.26 0.060 5 8.33
Test2 90 30 18000 9800 1.80E-04 1.04E-03 13.66 0.060 10 16.67
Test3 90 30 18000 9800 1.80E-04 8.14E-04 21.43 0.060 15 25.00
Test4 90 30 18000 9800 1.80E-04 5.46E-04 41.76 0.060 25 41.67




theoretical effective filter thickness















Eff filter thk. 
mm
C6.10 2.52E-04 250 2.5E-04 0.016 0.984 0.283 2183 1183.1 16.7 9.81 0.00433 4.6
C6.20 2.52E-04 250 2.5E-04 0.016 0.984 0.283 2183 1183.1 33.3 9.81 0.00410 2.1
C6.30 2.52E-04 250 2.5E-04 0.016 0.984 0.283 2183 1183.1 50.0 9.81 0.00495 2.0
C6.50 2.52E-04 250 2.5E-04 0.016 0.984 0.283 2183 1183.1 83.3 9.81 0.00545 1.5
C6.70 2.52E-04 250 2.5E-04 0.016 0.984 0.283 2183 1183.1 116.7 9.81 0.00637 1.5
C9.10 2.54E-04 250 2.5E-04 0.030 0.970 0.284 2181 1181.4 11.1 9.81 0.00416 1.8
C9.30 2.54E-04 250 2.5E-04 0.030 0.970 0.284 2181 1181.4 33.3 9.81 0.00763 2.1
C9.50 2.54E-04 250 2.5E-04 0.030 0.970 0.284 2181 1181.4 55.6 9.81 0.00867 1.6
C9.70 2.54E-04 250 2.5E-04 0.030 0.970 0.284 2181 1181.4 77.8 9.81 0.00840 1.1
C9.90 2.54E-04 250 2.5E-04 0.030 0.970 0.284 2181 1181.4 100.0 9.81 0.00840 0.9
C12.10 2.52E-04 250 2.5E-04 0.017 0.983 0.283 2183 1183.1 8.3 9.81 0.00375 6.0
C12.30 2.52E-04 250 2.5E-04 0.017 0.983 0.283 2183 1183.1 25.0 9.81 0.00769 8.7
C12.60 2.52E-04 250 2.5E-04 0.017 0.983 0.283 2183 1183.1 50.0 9.81 0.00809 4.9
C12.90 2.52E-04 250 2.5E-04 0.017 0.983 0.283 2183 1183.1 75.0 9.81 0.00738 2.7
C12.120 2.52E-04 250 2.5E-04 0.017 0.983 0.283 2183 1183.1 100.0 9.81 0.00725 2.0

















3.00E-04 50 5.00E-05 6.94E-01 3.06E-01 0.3 2155 1155 25 9.81 0.00375 0.11
3.00E-04 100 1.00E-04 4.44E-01 5.56E-01 0.3 2155 1155 25 9.81 0.00375 0.91
3.00E-04 150 1.50E-04 2.50E-01 7.50E-01 0.3 2155 1155 25 9.81 0.00375 5.24
3.00E-04 200 2.00E-04 1.11E-01 8.89E-01 0.3 2155 1155 25 9.81 0.00375 37.29
3.00E-04 250 2.25E-04 6.25E-02 9.38E-01 0.3 2155 1155 25 9.81 0.00375 131.11
3.00E-04 50 5.00E-05 6.94E-01 3.06E-01 0.3 2155 1155 50 9.81 0.0075 0.23
3.00E-04 100 1.00E-04 4.44E-01 5.56E-01 0.3 2155 1155 50 9.81 0.0075 1.84
3.00E-04 150 1.50E-04 2.50E-01 7.50E-01 0.3 2155 1155 50 9.81 0.0075 10.59
3.00E-04 200 2.00E-04 1.11E-01 8.89E-01 0.3 2155 1155 50 9.81 0.0075 75.32
3.00E-04 250 2.25E-04 6.25E-02 9.38E-01 0.3 2155 1155 50 9.81 0.0075 264.81
3.00E-04 50 5.00E-05 6.94E-01 3.06E-01 0.3 2155 1155 100 9.81 0.015 0.46
3.00E-04 100 1.00E-04 4.44E-01 5.56E-01 0.3 2155 1155 100 9.81 0.015 3.70
3.00E-04 150 1.50E-04 2.50E-01 7.50E-01 0.3 2155 1155 100 9.81 0.015 21.29
3.00E-04 200 2.00E-04 1.11E-01 8.89E-01 0.3 2155 1155 100 9.81 0.015 151.40
3.00E-04 250 2.25E-04 6.25E-02 9.38E-01 0.3 2155 1155 100 9.81 0.015 532.26
APPENDIX F
Parameters for dimensional analysis










do Pore dia 
(m)
Particle dia 
(m) L(m) L/do Di5f/D85b p/V2pw
DFBO 2.45 4.08 1.1 0.001 0.001566 0.000256 0.060000 38.32 18.00 2597461.78
DFB1 2.45 4.08 1.4 .0.001 0.000943 0.000256 0.060000 63.63 14.40 1603535.08
DFB2 2.45 4.08 2.1 0.002 0.000682 0.000256 0.060000 88.01 12.10 712682.258
DFB3 2.45 4.08 0.8 0.001 0.000352 0.000256 0.060000 170.45 8.70 4910826.18
DFB4 2.45 4.08 0.7 0.001 0.000151 0.000256 0.060000 397.35 4.70 6414140.32
DFBO 5 8.33 3.9 0.003 0.001566 0.000256 0.060000 38.32 18.00 421705.478
DFB1 5 8.33 4.2 0.004 0.000943 0.000256 0.060000 63.63 14.40 363613.397
DFB2 5 8.33 4.2 0.004 0.000682 0.000256 0.060000 88.01 12.10 363613.397
DFB3 5 8.33 3 0.003 0.000352 0.000256 0.060000 170.45 8.70 712682.258
DFB4 5 8.33 1.7 0.002 0.000151 0.000256 0.060000 397.35 4.70 2219425.72
DFBO 10 16.67 5.5 0.005 0.001566 0.000256 0.060000 38.32 18.00 424075.393
DFB1 10 16.67 5.8 0.005 0.000943 0.000256 0.060000 63.63 14.40 381340.09
DFB2 10 16.67 5.7 0.005 0.000682 0.000256 0.060000 88.01 12.10 394837.816
DFB3 10 16.67 4.6 0.004 0.000352 0.000256 0.060000 170.45 8.70 606251.448
DFB4 10 16.67 2.8 0.002 0.000151 0.000256 0.060000 397.35 4.70 1636260.29
DFBO 15 25.00 6.7 0.006 0.001566 0.000256 0.060000 38.32 18.00 428657.183
DFB1 15 25.00 7.1 0.006 0.000943 0.000256 0.060000 63.63 14.40 381718.329
DFB2 15 25.00 6.6 0.006 0.000682 0.000256 0.060000 88.01 12.10 441745.201
DFB3 15 25.00 5.8 0.005 0.000352 0.000256 0.060000 170.45 8.70 572010.136
DFB4 15 25.00 3.4 0.003 0.000151 0.000256 0.060000 397.35 4.70 1664569.29










do Pore dia 
(m)
Particle dia 
(m) L(m) Udo Di5f/De5b p/V2Pw
DFBO 20 33.33 7.6 0.007 0.001566 0.000256 0.060000 38.32 18.00 444192.543
DFB1 20 33.33 8 0.007 0.000943 0.000256 0.060000 63.63 14.40 400883.77
DFB2 20 33.33 7.7 0.007 0.000682 0.000256 0.060000 88.01 12.10 432729.993
DFB3 20 33.33 6.7 0.006 0.000352 0.000256 0.060000 170.45 8.70 571542.911
DFB4 20 33.33 4.1 0.004 0.000151 0.000256 0.060000 397.35 4.70 1526267.77
DFB1 25 41.67 8.9 0.008 0.000943 0.000256 0.060000 63.63 14.40 404881.98
DFB2 25 41.67 8.5 0.008 0.000682 0.000256 0.060000 88.01 12.10 443885.143
DFB3 25 41.67 7.6 0.007 0.000352 0.000256 0.060000 170.45 8.70 555240.679
DFB4 25 41.67 4.6 0.004 0.000151 0.000256 0.060000 397.35 4.70 1515628.62
DFB2 30 50.00 9.6 0.008 0.000682 0.000256 0.060000 88.01 12.10 417587.261
DFB3 30 50.00 8.2 0.007 0.000352 0.000256 0.060000 170.45 8.70 572350.415
DFB4 30 50.00 5.1 0.005 0.000151 0.000256 0.060000 397.35 4.70 1479617.14
Equations of Tangents between p/V2pw vs. LVdo
Intersection points
x1 c1 x2 c2 X y
-37937 4.00E+06 5.09E+04 -4.00E+06 90.03 5.85E+05
-2295.2 5.10E+05 6640.7 -4.19E+05 103.95 2.71 E+05
-1688.5 4.89E+05 4539.6 -1.68E+05 105.38 3.11 E+05
-1854.6 5.00E+05 4815.2 -2.49E+05 112.22 2.92E+05
-1711.1 5.10E+05 4207.8 -1.46E+05 110.74 3.20E+05
Equations of Tangents between p/V2pw vs. D ^ j/D ^
Intersection points
x3 c3 x4 c4 X* y*
315629 -3.00E+06 -1.00E+06 2.00E+07 1.75E+01 2.52E+06
16137 1.31 E+05 -3.77E+05 4.00E+06 9.85E+00 2.90E+05
11871 2.10E+05 -2.58E+05 3.00E+06 1.04E+01 3.33E+05
13039 1.94E+05 -2.73E+05 3.00E+06 9.81 E+00 3.22E+05
12030 2.28E+05 -2.39E+05 3.00E+06 1.11E+01 3.61 E+05
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6750 0 100.0 0 100.00
4750 783.6 17.3 705.9 8.76
4000 52.6 11.7 46.1 2.80
3350 13.1 10.3 6.9 1.91
2360 0.4 10.3 0 1.91
1180 0.1 10.3 0.1 1.90
600 0.1 10.3 0.1 1.89
500 0.4 10.2 0.1 1.87
425 0.2 10.2 0.2 1.85
300 0.3 10.2 0.1 1.84
212 1 10.1 0.3 1.80
150 82 1.4 10.1 0.49











4750 0 100.0 0 100.00
4000 517.3 32.3 735.2 25.73
3350 131.3 15.1 199.2 5.61
2360 1.7 14.9 2.5 5.35
1180 0.3 14.9 0.1 5.34
600 0 14.9 0.1 5.33
500 0 14.9 0.1 5.32
425 0.1 14.9 0.1 5.31
300 0.1 14.9 0.2 5.29
212 0.6 14.8 0.3 5.26
150 105.4 1.0 47.4 0.47











4000 0 100.0 0 100.00
3350 918.3 3.9 737.2 9.10
2360 4.7 3.4 3.1 8.72
1180 0.1 3.4 0.6 8.64
600 0 3.4 0.1 8.63
500 0 3.4 0 8.63
425 0 3.4 0 8.63
300 0 3.4 0.2 8.61
212 0.5 3.3 0.7 8.52
150 26.7 0.5 62.3 0.84











3350 0 100.0 0 100.00
2360 875.6 11.9 656.2 12.87
1180 33.1 8.6 29.4 8.96
600 0.1 8.6 0.1 8.95
500 0.1 8.6 0 8.95
425 0.1 8.6 0.1 8.94
300 0.2 8.6 0.1 8.92
212 0.8 8.5 0.5 8.86
150 77.4 0.7 60.3 0.85











2360 0 100.0 0 100.00
1180 582.5 7.8 752.7 11.37
600 11.1 6.0 9.8 10.22
500 0.1 6.0 0.3 10.18
425 0.1 6.0 0.4 10.14
300 0.3 6.0 0.5 10.08
212 0.6 5.9 0.9 9.97
150 33.4 0.6 75.3 1.11












6750 0 100.0 0 100.00
4750 823.4 14.5 811.5 7.07
4000 16 12.8 0.2 7.04
3350 3.8 12.4 1.7 6.85
2360 0.4 12.4 0.3 6.81
1180 0.4 12.3 0.4 6.77
600 0.2 12.3 0.3 6.73
500 0.1 12.3 0.1 6.72
425 0.1 12.3 0.1 6.71
300 0.1 12.3 0.1 6.70
212 113.2 0.5 55.3 0.37
150 4.3 0.1 2.5 0.08











4750 0 100.0 0 100.00
4000 595.7 21.2 640.8 15.00
3350 82.7 10.3 67.8 6.01
2360 2.1 10.0 1.2 5.85
1180 1 9.9 0.5 5.78
600 0.5 9.8 0.2 5.76
500 0 9.8 0 5.76
425 0.2 9.8 0 5.76
300 0.4 9.7 0.2 5.73
212 69.2 0.6 40 0.42
150 3.5 0.1 2.6 0.08











4000 0 100.0 0 100.00
3350 802.1 10.2 860.9 8.51
2360 13.8 8.6 13.3 7.10
1180 0.8 8.5 0.6 7.04
600 0.3 8.5 0.2 7.01
500 0 8.5 0 7.01
425 0.1 8.5 0.1 7.00
300 0.2 8.5 0.1 6.99
212 70.4 0.6 60.7 0.54
150 4.6 0.1 4.5 0.06











3350 0 100.0 0 100.00
2360 900 9.0 784.8 21.72
1180 5.2 8.5 2.7 21.45
600 0.3 8.4 0.2 21.43
500 0.2 8.4 0.1 21.42
425 0.1 8.4 0.1 21.41
300 0.1 8.4 0.1 21.40
212 79.8 0.3 208.9 0.56
150 2.9 0.0 5 0.06











2360 0 100.0 0 100.00
1180 871.6 2.5 711.6 9.91
600 12.6 1.1 9 8.77
500 0.2 1.1 0.2 8.75
425 0.2 1.1 0.5 8.68
300 0.3 1.1 0.3 8.65
212 7.1 0.3 65.7 0.33
150 1.8 0.1 2.1 0.06




















3350 0 100.0 0 100.00 3350 0 100.0 0 100.00
2360 716.2 13.1 712.4 5.50 2360 834.8 10.1 797.9 13.17
1180 1 12.9 5.1 4.83 1180 5.9 9.5 3 12.84
600 0.2 12.9 0.1 4.81 600 0.1 9.5 0.1 12.83
500 0 12.9 0 4.81 500 0 9.5 0 12.83
425 0 12.9 0 4.81 425 0 9.5 0 12.83
300 0.3 12.9 0.1 4.80 300 0.2 9.5 0.1 12.82
212 102.2 0.5 34.8 0.19 212 74.2 1.5 110.9 0.75
150 3.5 0.0 1.3 0.01 150 4.3 1.0 6.4 0.05
<150 0.3 0.0 0.1 0.00 <150 9.5 0.0 0.5 0.00










3350 0 100.0 0 100.00
2360 779.7 10.2 876.7 7.76
1180 2.9 9.8 3.7 7.38
600 0.2 9.8 0.3 7.34
500 0 9.8 0.1 7.33
425 0.1 9.8 0.1 7.32
300 0.1 9.8 0.2 7.30
212 76.7 1.0 62.6 0.72
150 7.8 0.1 6.3 0.05
<150 0.6 0.0 0.5 0.00
Total 868.1 950.5

















3350 0 100.0 0 100.00 3350 0 100.0 0 100.00
2360 754.1 9.2 702.1 12.04 2360 900 9.0 784.8 21.72
1180 3.3 8.8 2.6 11.77 1180 5.2 8.5 2.7 21.45
600 0.4 8.7 0.4 11.72 600 0.3 8.4 0.2 21.43
500 0 8.7 0.1 11.71 500 0.2 8.4 0.1 21.42
425 0 8.7 0.1 11.70 425 0.1 8.4 0.1 21.41
300 0.2 8.7 0.1 11.69 300 0.1 8.4 0.1 21.40
212 68 0.5 89.1 2.32 212 79.8 0.3 208.9 0.56


































0 100.0 0 100.0 0 100.0 0 100.0 0 100 0
479.3 3.3 432.7 3.1 407.5 4.0 220.8 6.9 107.8 45 41180 7.7 1.7 1.4 2.8 2 3.5 1.9 6.1 1 44 9
600 0 2 1.7 0.3 2.8 0.1 3.5 0.3 6.0 0.1 44 8500 0 1.7 0 2.8 0 3.5 0 6.0 0 44.8425 0.1 1.7 0.1 2.7 0.1 3.5 0 6.0 0 44 8300 0.1 1.7 0.1 2.7 0 3.5 0 6.0 0.3 44.7212 7.3 0.2 11.4 0.2 13.9 0.2 13 0.5 84.6 1 8
































3350 0 100.0 0 100.00 0 100.00 0 100.00 0 100.00
2360 372.3 10.8 396.7 10.23 347.5 9.13 253.6 10.10 56.9 50.86
1180 37.1 2.0 33.1 2.74 19.7 3.97 17.3 3.97 1.9 49.22
600 0.1 1.9 0.2 2.69 0.3 3.90 0.1 3.93 0 49.22
500 0 1.9 0 2.69 0 3.90 0 3.93 0 49.22
425 0.1 1.9 0.1 2.67 0 3.90 0 3.93 0 49.22
300 0.1 1.9 0.2 2.63 0.1 3.87 0.1 3.90 0 49.22
212 6.7 0.3 10.6 0.23 13.6 0.31 9.5 0.53 53.5 3.02
































3350 0 100.0 0 100.00 0 100.00 0 100.00 0 100.00
2360 351.7 10.5 376.4 8.51 352.8 6.22 273.1 4.28 93.8 39.17
1180 37.2 1.0 28 1.70 12.8 2.82 6.4 2.03 2.3 37.68
600 0.1 1.0 0.1 1.68 0.1 2.79 0.1 2.00 0.1 37.61
500 0 1.0 0 1.68 0.1 2.76 0 2.00 0 37.61
425 0 2 0.9 0.4 1.58 0 2.76 0.1 1.96 0.2 37.48
300 0.6 0.8 0.2 1.53 0.2 2.71 0 1.96 0 2 37.35
212 2.5 0.1 5.5 0.19 9.6 0.16 5.3 0.11 55.3 1.49
































3350 0 100.0 0 100.00 0 100.00 0 100.00 0 100.00
2360 404.1 4.2 362 4.61 362.3 3.82 276.4 6.62 83 47.60
1180 13.2 1.0 9.3 2.16 2 3.29 8.8 3.65 0.6 47.22
600 0.1 1.0 0.2 2.11 0.1 3.27 0.1 3.61 0.1 47.16
500 0 1.0 0 2.11 0 3.27 0 3.61 0 47.16
425 0.1 1.0 0.1 2.08 0.1 3.24 0 3.61 0 47.16
300 0.1 0.9 0.1 2.06 0 3.24 0 3.61 0.1 47.10
212 3.6 0.1 7.6 0.05 11.4 0.21 10 0.24 68.6 3.79
150 0.1 0.1 0.1 0.03 0.6 0.05 0.7 0.00 6 0.00
<150 0.3 0.0 0.1 0.00 0.2 0.00 0 0.00 0 0.00



















3350 0 100.0 0 100.00 0 100.00 0 100.00 0 100.00
2360 375.6 4.0 359.3 7.54 356.3 7.65 303 9.34 94.6 48.33
1180 1.1 3.8 11.6 4.55 10.4 4.95 16.4 4.43 13 41.23
600 0.2 3.7 0.4 4.45 0.1 4.92 0 4.43 0.1 41.18
500 0 3.7 0 4.45 0 4.92 0 4.43 0.3 41.02
425 0.2 3.7 0 4.45 0 4.92 0.5 4.28 0.1 40.96
300 0 3.7 0.2 4.40 0.9 4.69 0 4.28 0.1 40.91
212 13.4 0.2 15.6 0.39 16.2 0.49 12.4 0.57 68.3 3.60







































3350 0 100.0 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00
2360 459.2 1.6 423.6 3.55 464.7 3.99 412.3 4.74 418 4.39 248.4 5.59 97.8 55.16
1180 1.8 1.2 3.5 2.76 1.5 3.68 1.8 4.32 3 3.71 1.4 5.06 1.2 54.61
600 0.1 1.2 0.3 2.69 0.2 3.64 0.2 4.27 0.1 3.68 0.1 5.02 0.3 54.47
500 0 1.2 0.2 2.64 0 3.64 0.1 4.25 0 3.68 0 5.02 0 54.47
425 0.1 1.1 0.2 2.60 0 3.64 0.1 4.23 0 3.68 0 5.02 0 54.47
300 0 1.1 0.1 2.57 0.4 3.55 0.2 4.18 0 3.68 0.1 4.98 0.3 54.33
212 4.6 0.2 10.4 0.20 15.9 0.27 16 0.49 15 0.25 12 0.42 112 2.98
150 0.4 0.1 0.8 0.02 0.9 0.08 1.9 0.05 1 0.02 1 0.04 5.5 0.46
<150 0.3 0.0 0.1 0.00 0.4 0.00 0.2 0.00 0.1 0.00 0.1 0.00 1 0.00

























3350 0 100.0 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00
2360 370.3 6.6 390.9 6.84 432.4 8.27 406.8 8.83 361.4 10.28 298.7 8.26 158.4 35.61
1180 9.6 4.2 9.8 4.50 16 4.88 13.7 5.76 15.5 6.43 8.1 5.77 9.5 31.75
600 0.1 4.1 0.1 4.48 0.3 4.82 0.1 5.74 0.1 6.41 0.1 5.74 0.1 31.71
500 0.2 4.1 0 4.48 0 4.82 0 5.74 0 6.41 0 5.74 0 31.71
425 0.1 4.1 0.2 4.43 0.1 4.79 0 5.74 0 6.41 0.1 5.71 0 31.71
300 0.9 3.8 0.3 4.36 0.4 4.71 0.2 5.69 0.3 6.33 0.3 5.62 0.3 31.59
212 14.4 0.2 16.5 0.43 18.9 0.70 22.2 0.72 21.6 0.97 15.7 0.80 69.9 3.17
150 0.8 0.0 1.8 0.00 3.2 0.02 3.1 0.02 3.8 0.02 2.5 0.03 7.6 0.08
<150 0 0.0 0 0.00 0.1 0.00 0.1 0.00 0.1 0.00 0.1 0.00 0.2 0.00

























3350 0 100.0 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00
2360 351.9 7.8 377.4 6.54 419.5 5.22 410.1 7.88 352.5 10.58 296.2 9.09 162.3 39.10
1180 20 2.5 15.3 2.75 9.4 3.10 17.6 3.93 26 3.98 14.9 4.51 12.5 34.41
600 0.3 2.4 0.5 2.63 0.2 3.05 0.4 3.84 0.1 3.96 0.1 4.48 0.1 34.37
500 0 2.4 0.2 2.58 0.1 3.03 0 3.84 0 3.96 0 4.48 0 34.37
425 0 2.4 0.1 2.55 0 3.03 0.1 3.82 0 3.96 0.1 4.45 0 34.37
300 0.8 2.2 0.1 2.53 0.1 3.00 0.1 3.80 0.1 3.93 0.1 4.42 0.3 34.26
212 7.5 0.3 9.6 0.15 12.1 0.27 15.6 0.29 14 0.38 12.6 0.55 86.1 1.95











































3350 0 100.0 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00
2360 379.5 2.8 354.1 5.42 427.8 4.21 384.2 6.41 398.5 7.33 268.7 9.44 132.3 43.75
1180 8.5 0.7 16.1 1.12 12 1.52 16.4 2.41 16.6 3.47 17.3 3.61 26.3 32.57
600 0 0.7 0.2 1.07 0 1.52 0.2 2.36 0.1 3.44 0.1 3.57 0.1 32.53
500 0 0.7 0.2 1.01 0.1 1.50 0 2.36 0 3.44 0 3.57 0.1 32.48
425 0 0.7 0 1.01 0 1.50 0 2.36 0 3.44 0 3.57 0.4 32.31
300 0.2 0.6 0.2 0.96 0 1.50 0 2.36 0.3 3.37 0 3.57 0.1 32.27
212 1.6 0.2 2.9 0.19 6 0.16 9 0.17 13 0.35 10 0.20 70.6 2.25
150 0.7 0.0 0.4 0.08 0.6 0.02 0.5 0.05 1.4 0.02 0.4 0.07 5.2 0.04
<150 0.1 0.0 0.3 0.00 0.1 0.00 0.2 0.00 0.1 0.00 0.2 0.00 0.1 0.00

























3350 0 100.0 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00
2360 367.5 6.6 395.3 6.33 386.1 6.26 376.2 10.19 391 9.07 298.4 7.70 165.6 32.41
1180 4.5 5.5 4.5 5.26 1.5 5.90 14.1 6.83 7.7 7.28 8.8 4.98 8.4 28.98
600 0.1 5.4 0.1 5.24 0 5.90 0.2 6.78 0.1 7.26 0.2 4.92 0 28.98
500 0 5.4 0 5.24 0 5.90 0.1 6.76 0 7.26 0 4.92 0 28.98
425 0 5.4 0.2 5.19 0.1 5.88 0 6.76 0 7.26 0 4.92 0.1 28.94
300 0.1 5.4 0.6 5.05 0.4 5.78 0.2 6.71 0 7.26 0 4.92 0 28.94
212 20.4 0.2 19.5 0.43 20.6 0.78 26.5 0.38 29.5 0.40 14.9 0.31 67.5 1.39
150 0.7 0.1 1.8 0.00 3.1 0.02 1.5 0.02 1.6 0.02 0.9 0.03 3.3 0.04
<150 0.2 0.0 0 0.00 0.1 0.00 0.1 0.00 0.1 0.00 0.1 0.00 0.1 0.00
































3350 0 100.0 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00
2360 495.9 1.3 471.1 1.03 471 1.01 426.5 0.70 453 0.98 444.8 2.07 360.9 3.30 195.9 8.20 101.2 52.58
1180 5.6 0.2 3.8 0.23 3.9 0.19 2.1 0.21 3.1 0.31 5.3 0.90 4.5 2.09 2 7.26 1.8 51.73
600 0.3 0.2 0.3 0.17 0.3 0.13 0.2 0.16 0.1 0.28 0.1 0.88 0.1 2.06 0.1 7.22 0.1 51.69
500 0.1 0.1 0.1 0.15 0.1 0.11 0 0.16 0 0.28 0.1 0.86 0 2.06 0 7.22 0 51.69
425 0.1 0.1 0.2 0.11 0.1 0.08 0.1 0.14 0.1 0.26 0.1 0.84 0.1 2.04 0.1 7.17 0 51.69
300 0.1 0.1 0.2 0.06 0.1 0.06 0.1 0.12 0.1 0.24 0.1 0.81 0.1 2.01 0.1 7.12 0.1 51.64
212 0.2 0.1 0.1 0.04 0.1 0.04 0.2 0.07 0.8 0.07 3.3 0.09 6.4 0.29 14.3 0.42 82.2 13.12
150 0.1 0.0 0.1 0.02 0.1 0.02 0.2 0.02 0.2 0.02 0.2 0.04 0.9 0.05 0.7 0.09 4.3 11.11
<150 0.2 0.0 0.1 0.00 0.1 0.00 0.1 0.00 0.1 0.00 0.2 0.00 0.2 0.00 0.2 0.00 0.2 11.01































3350 0 100.0 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00
2360 358.2 2.6 366.2 5.01 400.6 1.77 473.9 1.44 411 1.56 390.6 3.00 402.7 5.05 314.3 6.10 132.6 35.22
1180 8.6 0.2 18.5 0.21 6 0.29 5.5 0.29 3.3 0.77 6.6 1.37 12.1 2.19 10.6 2.93 8.1 31.27
600 0.2 0.2 0.1 0.18 0.2 0.25 0.1 0.27 0.1 0.74 0 1.37 0.1 2.17 0 2.93 0 31.27
500 0 0.2 0.1 0.16 0.1 0.22 0 0.27 0.1 0.72 0.1 1.34 0 2.17 0 2.93 0 31.27
425 0.1 0.1 0.1 0.13 0 0.22 0.1 0.25 0.1 0.69 0 1.34 0.1 2.15 0.1 2.90 0 31.27
300 0.2 0.1 0 0.13 0.1 0.20 0 0.25 0 0.69 0.2 1.29 0.1 2.12 0.3 2.81 0.1 31.22
212 0.2 0.0 0.3 0.05 0.3 0.12 1 0.04 2.5 0.10 5 0.05 8.5 0.12 9.1 0.09 62.9 0.49




















































3350 0 100.0 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00
2360 389 3.8 395 5.14 388.6 6.52 381.5 6.47 388.3 8.07 480.8 6.73 377 8.00 341.2 5.04 188.9 26.95
1180 0.9 3.6 1.1 4.88 0.2 6.47 0.6 6.33 0.9 7.86 1.5 6.44 0.2 7.96 0.3 4.95 0.6 26.72
600 0.1 3.6 0.3 4.80 0.1 6.45 0.1 6.30 0.1 7.84 0.1 6.42 0.1 7.93 0.4 4.84 0.3 26.60
500 0 3.6 0.1 4.78 0.1 6.42 0 6.30 0 7.84 0.1 6.40 0 7.93 0 4.84 0 26.60
425 0.1 3.5 0.2 4.73 0 6.42 0.1 6.28 0.1 7.81 0.1 6.38 0 7.93 0 4.84 0.1 26.57
300 0.3 3.5 0.1 4.71 0.2 6.37 0.3 6.20 0 7.81 0 6.38 0.1 7.91 0.1 4.81 0.1 26.53
212 12.8 0.3 17.7 0.46 23.9 0.63 22.9 0.59 29.6 0.80 29.2 0.72 29.3 0.76 14.8 0.70 63.8 1.86





















































3350 0 100.0 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00
2360 429 5.6 405 1.72 416.3 2.76 403.2 3.17 437.1 4.44 358.9 4.40 425.5 4.94 258.3 2.93 143.8 31.13
1180 20.9 1.0 0.8 1.53 0.7 2.59 0.7 3.00 0.6 4.31 0.6 4.24 0.4 4.85 0.6 2.71 1.4 30.46
600 0.1 1.0 0.2 1.48 0.2 2.55 0.1 2.98 0 4.31 0.1 4.21 0.2 4.80 0.1 2.67 0.2 30.36
500 0.1 1.0 0 1.48 0.1 2.52 0 2.98 0 4.31 0 4.21 0 4.80 0 2.67 0 30.36
425 0.1 0.9 0.1 1.46 0.1 2.50 0.1 2.95 0.1 4.29 0 4.21 0 4.80 0 2.67 0.1 30.32
300 0.3 0.9 0.1 1.43 0 2.50 0.1 2.93 0.1 4.26 0.1 4.18 0 4.80 0 2.67 0.1 30.27
212 3.8 0.0 5.7 0.05 10.1 0.14 12 0.05 18.4 0.24 14.7 0.27 19.9 0.36 6.8 0.11 61 1.05




















































3350 0 100.0 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00 0 100.00
2360 475.8 3.7 413.5 4.24 412.2 5.57 388.4 6.18 394.6 6.07 427.9 6.12 429.2 5.84 254.5 6.05 130.4 34.31
1180 3.2 3.1 1.3 3.94 2.3 5.04 1.9 5.72 1.1 5.81 1.6 5.77 1.9 5.42 1.2 5.61 0.8 33.90
600 0.3 3.0 0 3.94 0.1 5.02 0 5.72 0.1 5.78 0 5.77 0 5.42 0 5.61 0.4 33.70
500 0 3.0 0 3.94 0 5.02 0 5.72 0.1 5.76 0 5.77 0 5.42 0 5.61 0 33.70
425 0.1 3.0 0.1 3.91 0.1 4.99 0.1 5.70 0 5.76 0 5.77 0 5.42 0 5.61 0 33.70
300 0 3.0 0 3.91 0.3 4.93 0.3 5.63 0 5.76 0.2 5.73 0 5.42 0 5.61 0.1 33.65
212 14.2 0.1 16.2 0.16 19.8 0.39 22.3 0.24 22.9 0.31 24.2 0.42 23.4 0.29 13.9 0.48 63.3 1.76
150 0.3 0.0 0.6 0.02 1.5 0.05 1 0.00 1.1 0.05 1.7 0.04 1.2 0.02 1 0.11 3.4 0.05
<150 0.2 0.0 0.1 0.00 0.2 0.00 0 0.00 0.2 0.00 0.2 0.00 0.1 0.00 0.3 0.00 0.1 0.00
Total 494.1 431.8 436.5 414 420.1 455.8 455.8 270.9 198.5
Betta Book Binding 
M & D Morrisey 42612998 
26 Fields Street 
Kanahooka NSW 2530
